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Abstract 

Dynamic laser tracking system I laser distance measuring system. 

When a robot is performing a task, it is important to know where the Tooi Centra Point (TCP) 
is. Th is can be achieved using angle sensors at the robot at various hinges or rotational 
points or by using end switches and stepper motors. 

Both methods utilise intrinsic parts of a robot system. An example of an external method is 
the use of a laser-inferometer, where a laser beam has to track the movementsof the TCP. 
Moving the laser unit itself is ditticuit as the unit is relatively large and heavy. Deflecting the 
beam with a tilting mirror, which weighs only a fraction of the laser-inferometer, is therefore 
preferable. However, when the TCP moves, a system must be added to track these 
movements automatically. 

The goal of the overall project that the he re presented study is part of, is to develop a mirror 
system with two dagrees of treedom and a controller with accesseries to track the TCP 
movements. Significant is the absolute angle maasurement of the mirror, as this information 
in conjunction with the beam length is used to determine the exact spatial position of the 
TCP. 

At the start of this project a framewerk was already present. The signal conditioners ware in 
proto stadium and needed to be davalopad further. This is described in part 1. To track TCP 
movement, a tracking controller is available. Likewise, to capture the TCP with the laser, a 
scanning controller is available. A system to switch between these controlled modes has to 
be developed, which is described in part 2. 

The aim of the described project was to: 

1. Redesign the analog sensor electronics (signal conditioner) and cope with the changes 
in the global system in order to increase performance. The previously developed proto 
unit was therefore analysed and modified. Aftar tests, measurements, calculations, 
simulations and basedon the original concept, a new proto unit was realised. For the 
improved electronic system, a Printed Circuit Board (PCB) was designed and 
manufactured; 

2. Design of a dual (tracking and scanning) mode controller. The system switches between 
modes due to changing oparating conditions, introducing extra distortien into the system. 
The major design goal of the presented system is to handle these situations smoothly. 
The characteristics of the controllers in relation to the total system ware studied which 
led to the conclusion that one general controller with selaetabie gain suffices. With this in 
mind, the control behaviour during the switch moment was analysed. The distorting 
switching effects were suppressed as far as possible to gain a bumpless transfer 
between modes. The obtained concepts were shaped into a system and verified by 
simulation, for which a model of the optical process was derived. 
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1. Introduetion 

1. 1. The laser tracking system 
The Maasurement and Control group of the Department of Electrical Engineering at 
Eindhoven Univarsity of Technology (TUle) is performing research on modelling, 
identification and control of processes. One of the Iabaratory processas is a laser tracking 
system. By means of a revolving mirror with an air bearing, a reflector can be tracked by a 
laser beam. The reflector is attached to the Object of Interest (Ooi). In this way, it is possible 
tomaasure or calibrate the position of the Ooi, for example the Tooi Centra Point (TCP) of a 
robot. Figure 1.1 shows a schematic overview of the laser tracking system. 

air-bearing 

Figure 1.1 - Scheme of a Laser Tracing System 

object of 
interest 

The laser unit emits a beam to the mirror unit. This half-sphare mirror can rotate around two 
axes thus directing the beam in the space in front of the system. The aim of the control 
system is to hit the ratra-reflector with this beam. Special to a ratra-reflector is that the 
returned laser beam is parallel to the incoming beam, independent of the angle of attack. 
This returned beam is reflected by the mirror and split by a beam-splitter. One part passes 
the beam-splitter and is received by the interferometer. This device measures the distance 
the laser beam has travelled. Theether part of the laser beam is deflected on a Position 
Sensing Device (PSD), which measures the deviation of the reflected laser beam from the 
reflector's centra. Th is information is used by angle controllers to generata set points for the 
mirror targeting the laser beam at the centra of the reflector. Sensorsneed to be attached to 
the mirror unit measuring the tilt angles. With these angles and the laser beam length, the 
spatial position of the Ooi can be calculated. 



1.2. The LTS System 
The concept of this LTS design is new. Consequently a complete system cannot be bought 
trom the shelf. lt has to be build up trom separate units. The system can be split into eight 
units: 

1. mirror unit 
a. serve motors 
b. angle sensors 
c. air-gap sensor 
d. half-sphare steel mirror 
e. air bearing 

2. laser-infarometer 
3. ratre-reflector 
4. beam splitter I half way mirror 
5. position sensing detector 
6. controller (DSP computer) 
7. signal conditionar electronics 
8. serve motor electronics 

Amongst these, is the mirror unit a crucial part. Th is unit inters most of the whole system's 
limits and is also a highly complex precision engineered machanical unit specifically made 
tor this project at the Department 'Gemeenschappelijke Technische Dienst' (GTD) of the 
TU/e. Electronics to interface the motors and the sensors on the mirror unit also had to be 
developed in house. Partsas the laser-inferometer, halfway mirror, PSD, ratre-reflector and 
DSP-computer could be ordered at specialized companies. 

Aftar the mirror unit was manufactured together with a first version of the electronics, 
theoretically derived models could be verified and controllers could be tested. In sectien 1.4, 
this work is described. 

1.2.1. The LTS sensors 
In the LTS tour sensors are used. These sensors serve two purposes: 

A. supplying intermation for the controller (feed back loop); 
B. measuring the position of the Ooi. 

The LTS is equipped with the following sensors: 
1 . an angle sensor 
2. an air-gap sensor 
3. a PSD 
4. a laser-interometer 

All are involved in supplying intermation for the controller as feed-back, whereas only the 
angle sensor and the laser-interometer are involved in position maasurement of the Ooi. 

Ad. 1 - Angle sensor 
The angle sensors are used tomaasure the tilt angle of the mirror. With the known angle of 
the incoming laser beam and the angles of the mirror, the direction of the reflected laser 
beam can be calculated. This information, together with the laser beam length provides the 
position of the Ooi. 

5 

When the system is in scanning mode, the laser describes a pattarn with absolute distances. 
Here also the intermation about the angles is used. 
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Figure 1.2 - An angle sensor mounted on top of and next to the mirror 

The angle sensor is based on magnatie coupling between coils, where the flux changes are 
indications for the mirror angle. The sensor consists of three coils. Two coils are 
perpendicularly placed next to the mirror and one is placed on top of the semi-sphere. 
To retrieve the desired angle information, analog interface electranies process the 
information supplied by the coils before the control computer can use it. 

Ad. 2 - Air-gap sensor 
The semi-sphare has to rotate to change the laser beam direction. Therefore it must be 
mounted allowing it to rotate freely around two axes. For very small movements stick-slip is a 
major problem. Air-bearings and magnatie bearings do not have this problem. Therefore, for 
the current L T8-project, it was decided to build a mirror unit using an air-bearing. 

'-------! Î Bearing seat 

Air 

Figure 1.3 - Schema of an air-bearing and air-gap 

Changes of the air-gap height influence the behavior of the mirror; mirror position changes 
have an effect on the laser beam path. Also, this height affects the angle maasurement 
When the mirror moves, the coil on top of the mirror does too. This will causa magnatie flux 
changes in the secondary coils where the signal conditionar will interpret this as an angle 
change. 

To keep the air-gap height constant, it has to be measured and controlled. The machanical 
construction of the air gap is similar to the construction of a capacitor: a sandwich of a 
conductor, an insuiator and a conductor. Here the bearing seat is the first conductor, which 
is grounded. The air layer forms the insuiator between the metal semi-sphere, the second 
conductor, and first conductor. When the air-gap height changes(= thickness of the air layer 
between the conductors) the capacity will change too. 
The relation between the capacity and the air-gap height is used as a height sensor. Hereto 
a small low-stiffness spring is connected to the semi-sphere, which is the second capacitor 
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connection. An electronic interface has to process this capacity and translate it to a signal 
that can be processed by the control computer. 

Ad. 3 - Position Senslng Detector (PSD) 
A PSD is an optical device, giving the position of a light spot within its sensitive area. When 
the laser beam is not pointed exactly to the retro-reflector center, the reflected beam will 
have a small distance trom the souree beam. Via mirrors this reflected beam is projected on 
the PSD sensitive area and thus supplying an electrical signal proportional to this distance. 
This information is used in the controlloop to track the Ooi, with the controller's task to keep 
this distance to a minimum. 

Figure 1.4 - Position Sensing Detector 

The brand of the used PSD is Sitek. This manufacturer supplies the PSD chip with its 
sensitive area of 1 0 x 1 0 mm as well as the interface electronics to process the PSD-chip 
output signals. These outputs can be directly connected to the process computer input, no 
further processing is necessary. 

Ad. 4 - Laser-interometer 
In the current project stage, a normal laser is used instead of a laser-inferometer. This 
implicates that distance measurements are not possible yet and that the LTS output supplies 
merely direction information. The laser-interometer is the most expensive part of the LTS 
and will be purchased at the moment the mirror unit is fully developed, making the LTS a 
fully functional system. When necessary in controller design, modeling and simulation, a 
laser-interometer with a neat transfer tunetion is assumed available. 

1.2.2. The mirror-unit actuators 
The half-sphare mirror is positioned on top of an air bearing (see Figure 1.3). Airflow lifts the 
mirror approximately 35pm trom its seat. This allows the mirror to rotate almost frictionless 
and without stick slip. 
On top of the mirror, the angle sensor primary coil is mounted (see Figure 1.2). This coil has 
the shape of a ring. To the coil three strings are attached. The other end of these strings is 
connected to a Lorentz motor, manufactured according the principle shown in Figure 1.5 and 
equipped with air bearings. 
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Figure 1.5- Mirror unit Lorentz motor principle 

The three motors are placed at an angle of %TT (120°) from earth other. These three motors 
control the two rotational axes and the air-gap height by pulling or releasing the string. 
Adjustable pretension strings give the mirror a neutral position. 

TOPVIEW 

Figure 1.6 - Actuators with mirror schematic overview 

Electronics to interface the motors are available. These interfaces can be directly connected 
to control computer analog outputs. 

To control two rotational treedom axes and the air-gap height with three motors, the 
following transfer matrix is used: 

( 1-1 ) 
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1.2.3. The controllers 
To let the LTS tunetion correctly, three controllers are necessary: 

• An air-gap height controller; 
• A tracking controller; 
• A scanning controller. 

Air-gap controller 
The air-gap height should be as constant as possible. Height fluctuations will have direct 
consequences for the mirror surface position and thus the bend directionsof the laser beam. 
This influences the functioning of the other controllers and reduces the performance of the 
system. 
A second consequence of the air-gap height fluctuations are maasurement errors in the 
angle maasure system (see section 1.2.1) and so influencing the accuracy of the system. 
An Hoo controller is davalopad for the air-gap, which offers a robust, accurate and very stift 
control for a broad frequency band [Theunissen 1999, chapter 4). At this moment further 
developments of the air-gap controller are not required. 

Tracking controller 
The laser beam should follow the movementsof the Ooi. To tilt the mirror position such that 
the laser hits the Ooi retro-reflector in the center and to constantly monitor and compensate 
tor position changes, is the taskof the tracking controller. 
The PSD supplies information of the deviation between de retro-reflector center and laser 
beam and is used in the feed back control loop. 

Tracking controllers have been developed; a classica! design and a Hoo design [Linssen 
1998, section 4.2 and Theunissen 1999, chapter 5]. The Hoo has proved to tunetion in 
practica and will be used in the switching controller design, described in part 2. 

Scanning controller 
The tracking controller functions in closed loop. When the reflected laser spot is not (at start) 
or no longer (aftar errors of the tracking loop) on the PSD, the closed loop changes to open 
loop. The laser beam will point to soma random point; the LTS output position information is 
useless. The beam needs to be captured on the PSD again. 
Th is is where the scanning controller comes in. lt takes over the control and lets the laser 
'draw' some pattarn in the working area in front of the LTS. At a certain moment the laser 
spot will hit the retro-reflector. Then, the beam will be reflected and show up on the PSD. 
The task of the scanning mode controller is now completed and the tracking mode controller 
can be switched online; the loop is closed again. 

A concept of a scanning controller is designed but is not very promising [Bogaards 2000, 
section 4.1 ]. This controller design needs further development. 

Control system 
All controllers are davalopad in software to be used on a Digital Signal Processor (DSP) 
system. The used system is manufactured by dSpace. A dSpace system has a number of 
analog and digital inputs and outputs and has a modular configuration. Extra modules can 
be added. 
The control programs are davalopad in Matlab/Simulink. A specialized dSpace library is 
added. Aftar simulations and tests, the programs are complied (translated to DSP machine 
code) and subsequently downloaded in a DSP-program memory. During development, this 
processcan be repeated as often as necessary. 
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The switching controller design presented in part 2 is only tested in simulations and not in a 
practical situation. The step to model compilation and physical testing with the DSP 
controller has notbeen performed. 

1.3. The project aims 
At the start of this project a framework was al ready present. The signal conditioners ware in 
proto stadium and needed to be developed further. This is described in part 1. 
To track TCP movement, a tracking controller was available. Likewise, to cepture the TCP 
with the laser, a scanning controller was available. A proper system to switch between these 
controlled modes had to be developed. This is described in part 2. 

Alm of part 1 
The first version of the signal conditioners was based on a transfer of the triangular 
waveform signal between the primary and secondary coils on the mirror unit. Due to semi
sphare angle changes, the couple factor between the coils changes and thus the secondary 
coil voltage. With a sample and hold circuit, a DC-output voltage output is obtained. 

The second version used a sine oscillator and a synchronie dateetion circuit, improving the 
signal conditionar significantly. This circuitry wasdesigneden realized on a proto board. 
Tests showed an improvement over the previous design, but the design still had not 
outgrown its proto stadium. lt introduced disturbances in the control loop and the accuracy 
was not satisfactorily. 

The first aim of this project was to enhance the second signal conditionar design. This proto 
unit was therefore analysed and modified. Aftar tests, measurements, calculations and 
simulations, a new proto unit was realised based on the original concept. For the improved 
electronic system, a Printed Circuit Board (PCB) was designed and manufactured. 

Alm of part 2 
The system switches between the tracking and scanning modes due to changing oparating 
conditions, introducing extra disturbances into the system. The major design goal of the 
presented system is to handle these situations smoothly. The characteristics of the 
controllers in relation to the total system were studied, leeding to the conclusion that one 
general controller with adjustable gain suffices. With this in mind, the control behaviour 
during the switch moment was analysed. The distorting switching effectsneed to be as far 
as possible suppressed to gain a bumpless transfer between modes. 

The second aim of this project was to design a dual mode controller, which satisfies the 
mentioned criteria. The obtained concepts had to be shaped into a system to forma dual 
mode switching controller. Totest the design, the controller functioning had to be verified by 
simulation. In order to conduct these simulations, a model of the optica! process was 
derived. 
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1.4. Project history 
Davaloping a laser deflecting system involves work covered in saveral theses. A number of 
people al ready worked on this project. These predecessors are listed below with an abstract 
of their work. 

lnitial analysis and proposals 

Artiele in Maasurement 11 , Eisavier by R.A. Zorge, 1993 
Measurements on a miniature spherical air bearing by using its electrical capacitance 

181
- M.Sc. Thesis by T.D. Slots, 1994 

Modelling and identification of a laser deflecting system 
• System description (brief description of the angle sensor, actuators and coordinate 

transforms); 
• System dynamics (dynamic behaviour of the mirror and the actuator; 
• Model linearization (linear modeling of the actuators, strings and mirror; pole 

placement, bode); 
• System simulation (Matlab I Simulink simulation of the linear models); 
• ldentification (model estimation and validation). 

2nd- M.Sc. Thesis by H.J. Goossens, 1995 
Modelling and simulation of a laser deflecting system 

• More detailed description of mirror, actuators and sensors; 
• Machanical description of the mirror (dynamics); 
• Modelling, solving and simulation of OAE model; 
• Linearized model (modelling and simulation). 

3rd - M.Sc. Thesis by ing. M.A. Noten, 1997 
Centrolling of a laser deflecting system 

• Centrolling of a laser deflecting system 
• Machanical description of the mirror (frame definition, dynamics, OAE) 
• Simulations of the mirror system using DASSL 
• Design of a LOG-controller for the mirror system (linear and non-linear) 
• lnfluence of the coordinate system 

Presentstion R.A. Zorge, 1997 
De inductive hoekopnemer als rotatiesensor 

• Overhead sheet set 

4th- Thesis by R.L.M. Looymans, 1997 
Hoo-control of the air gap of a laser deflecting system 

• Technica! details of the laser deflecting system; 
• Air gap height control necessity; 
• Dynamic model of the deflection system; 
• Air-gap frequency response measurement; 
• Air-gap Hoo-controller design; 

Sth- Traineeship report by G.R.M. Hamm 
Calibration of the sensors on a laser deflection system 

• System description; 
• Angle controller; 
• Sensor calibration of the air gap sensor; 
• Sensor calibration of the angle sensor. 
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61h - M.Sc. Thesis by S. Linssen, 1998 
Sensor and control development for a laser tracking system 

• Modelling/description of the system; 
• Sensor description; 
• Analogue signal conditioners; 
• Position Sensing Detector (PSD) description; 
• Air gap controller; 
• Angle controller. 

7th- M.Sc. Thesis by H.W.H. Theunissen, 1999 
Analysis and control of a laser tracking system 

• System description (mechanica!, optica!, sensors, actuators); 
• lnaccuracies sources; 
• Hoo air gap controller design and implementation; 
• Hoo angle controller design and implementation. 

8th - M.Sc. Thesis by H. Bogaards, 2000 
Scanning and tracking control for a laser tracking system 

• System description and modelling; 
• ldentification and calibration; 
• Scanning mode controller design; 
• Transfer between tracking and scanning modes; 
• System evaluation. 
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Part 1 

The angle and 

• a1r-gap sensor 

signal conditioning 
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2. The angle and air-gap sensors 

2. 1. Introduetion 
To control a mirror position, feedback of the current state is necessary. The mirror unit 
contains an air-gap sensor and two angle sensors. The air-gap sensor measures the height 
of the mirror hemisphere compared to its seat, whereas the angle sensors determine the 
absolute tiltangles of the mirror. 

After a period of studying and modelling of the laser tracking system, the first system was 
implemented. [Looymans] describes the first functional system which was equipped with 
basic electronics. This first angle and air-gap maasurement system used an unbalanced 
triangle-wave signal. Th is system was used to get the LTS functioning in a basic setup, but it 
suffered from an unsatisfactory performance. 
[Linssen] revised this system by a complete redesign of the signal conditioning electronics. 
The introduetion of synchronie dateetion for the sensor signals and relative maasurement of 
amplitudes improved the accuracy. The basic concept of this interface is accommodated in 
one IC, reducing the interface complexity and improving stability. This IC was originally 
developed to interface a LVDT sensor. Although the LTS does not use LVDT's, the transfer 
characteristic of the LVDT, the angle sensors and the air-gap sensor are comparable. With 
the now improved signal conditionar which has a larger bandwidth, the controller could also 
be improved [Theunissen] and thus the system performance. Also the basic functionality 
could be extended and a scanning mode was added [Bogaards]. 

2.2. Initia/ state of sensor electranies 
The angle and air-gap sensor interfaces were in proto stadium. Th ree proto units were built; 
two were interfacing an angle sensor and one the air-gap sensor. These units together with 
the sensors were connected by a spaghetti of wires. The proto units were assembied on a 
proto board using many component sockets. This allowed easy exchange of components 
(resistors, capacitors) simplifying tuning of for example filters. 

Figure 2.1 - One axis angle interface proto unit 
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The flexible proto approach introduces problems, mainly in the area of reliability, stability and 
EMI. Due to these problems, qualifying tests of the controller are al most impossible. Tracing 
irregular and unstable behaviour of the system is ditticuit 

The second design uses a baleneed amplifier tor the power supply to the primary coil. The 
major gains using this approach are an improved maximum power with a factor 4 and the 
absence of return currents via ground. The first design used a single ended primary coil 
power supply. For practical raasons a small PCB is mounted directly next to the mirror. 
Three low-stiffness springs are connected to this PCB and the hemisphere coil tor electrical 
interconnection between them. Also a high impedenee signal buffer tor the air-gap sensor is 
located on this PCB. This small 'interconnection' PCB was part of the first design. The air
gap sensor ground and the primary coil ground were connected. In the second balsneed 
design both primary coil connections need to be connected to the amplifier, but the original 
interconnection PCB was still used and thus effectively grounding one connection. The PCB 
caused a short circuit of one of the amplifier outputto ground, rasuiting in ground currents 
and extra dissipstion in the amplifier end stage. 

Figure 2.2 - LTS proto system; the units are interconneet with much wiring. 

2.3. Actions to be taken 
One goal in the current project was improving the design of sensor sleetronies regarding: 

1 . stability; 
2. accuracy; 
3. robustness, 

To accomplish this, an important step was integration of the sensor sleetronies on one PCB 
near the sensors, effectively eliminating connections between subsystems. The reliability of 
the system improves by using a PCB instead of proto boards. Often proto boards suffer trom 
bad connections and contacts, causing failures and unexpected behaviour, especially when 
the board is in use tor a longer period. Also EMC considerations should be made; improper 
use of shielding and grounding introduce maasurement errors and does not improve EMI 
immunity. Two basic rules applied to improve the system are using a ground planeon the 
PCB and limit wiring toa minimum. To achieve this, the three previously separated 
assembied interfaces connected together with an entwined bundie of (shielded) wires, were 
merged on one PCB and this PCB should be mounted on the mirror unit itself. 
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2.4. The angle sensor system 
The mirror hemisphere rotatas in its seat with two axes of freedom. The motor units control 
the tilt angle and thus the extent of bending the laser beam path. With two angle sensors the 
current tilt angle can be determined. The sensor is built up around three coils, one primary 
and two secondary. The primary coil is mounted on top of the hemisphere and rotatas with it. 
The secondary coils are placed perpendicular to each other and perpendicular to the primary 
coil with the semi sphere in idle position. The primary coil is connected to a sinus oscillator 
with amplifier and produces a reasanabie constant magnatie flux. The amount of flux 
captured by the secondary coils generatas an induced voltage in these coils. Th is voltage is 
a criterion for the tilt angle and needs to be measured. 

Figure 2.3 - Angle sensor flux changes 

The sameprinciple on which a transfarmer is based, is used in this sensor. Two coils are 
coupled with couple factor M, which depends on the coil angle a. Figure 2.4 depiets an 
electrical network model of this sensor i.e. transformer. 

Figure 2.4 - ldeal sensor network model 

The input/output relation equals [Zorge]: 

(v; J =(RI.+ j~ jOJM_ a J(/1 J 
V2 JwMa R2 +JOl~ /2 

With the assumptions that: 
• the sinus oscillator/amplifier has a low impedance; 
• the secondary voltage meter has a high impedenee (12 = 0) ; 

• and there are no parasitic effects. 
then: 
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M could be expressed as: 

M n2 T • 
a= c-'-1 smavar 

n, 
where: 

• a- coil rotation; 
• c -leak flux constant (<1 ); 
• n1 - number of windings of primary coil; 
• n2 - number of windings of secondary coil. 

Th is information is used to determine the angle sensor signal conditionar transfer 
characteristic. lt also supplies phase information, necessary in the compensation circuitry of 
the synchronie detector. 

Figure 2.5 - Angle sensors implementation 

2.5. The air-gap sensor system 
The purpose of the air-gap sensor is supplying feed back information to the controller 
concerning the height at which the hemisphere floats in its seat. The air-gap construction 
consists of a metal hemisphere, an insulation layer of air and a metal seat. This construction 
is equivalenttoa capacitor. Since the height of the hemisphere is not constant, the air layer 
changes in thickness. This eausas a variation in the capacitance. Seeing the air-gap as a 
variabie capacitor is central in the concept where an air-gap construction is used as a sensor 
of its height. 

E 
E 

.... 

R = 5 mm 
h. ::: vertlcol gap helght 

Figure 2.6 - Hemispherical air-bearing geometry 



18 

[Zorge] analyzed the electrical properties and modeled the capacitance as tunetion of the 
height. He derived and verified the following relation: 

c = êoê,ttD2 ai sin a da 
m 2hv 0 cos a 

ê ê ttD2 
=- 0 r In cos a 

2h e 
V 

= 0.26. êoê,ttD2 (ae = 53.13o) 
hv 

Given an average air-gap height of 36pm, the average capacitance will be: 

C = 0.26. êoê,ttD2 
m,ave 36 ·10-6 

= 
0

.
26 

8.85 ·10-12 ·1·n · .012 

36 ·10-6 
= 20.08pF 

Assuming a variatien of 5pm around the steady position, the capscity will vary between 
17.6pF and 23.3pF. 
Totranslate the air-gap capacitance to an electrical signal, a voltage divider is used. This 
principle is depicted in Figure 2.7. 

lllnus 
souree 

v. 

Figure 2. 7 - Air-gap interface 

Based on this model the maasurement voltage will be: 

x V = CM V 
m X +X s c, CM 

1 

= joCm V 
1 1 s 

--+--
joCm joCs 



In practica disturbances will influence the maasurement information. Most of these 
disturbances can be modeled as parasitic capacitances, see [Linssen, section 3.3]. At 
system calibration, these disturbances can be partly compensated. 

19 
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3. LVDT principle and interfacing 

lnterfacing the angle senor coils and air-gap capacitor can be done in different ways. One 
possibility is using available information, procedures and designs for interfacing a LVDT. The 
LVDT concept is clarified in this chapter. 

3. 1. L VDT principle 
One way of measuring linear displacementsis using a LVDT. In essence a LVDT is a small 
high quality transtormar where due to core displacements the transfer characteristic 
changes. By measuring this change, core displacement can be quantified. Figure 3.1 shows 
a scala where a L VDT is used to translate the displacement due to the load or force to an 
sleetrical signa!. 

FORCEn..OAD 

Figure 3.1 - Scala with L VDT sensor 

The machanical precision of a LVDT can be high, for instanee 1 tJm on a range of 5 cm 

(rangeS ·104
). The interface electronics quality tor this kind of precision instrument should 

match; the sensor should be accompanied by precision electronics. Designing such kind of 
sleetronies (low distortion, linearity, non-tempersture sensitive etc.) is not trivia!. By 
integrating the essential parts on a chip, most of this is achieved by the chip manufacturer. 
Using such a chip to build an interface significantly reduces the design task and will be often 
the preterred approach for designing a suitable interface. 
Before describing the use and limitations of this approach, the LVDT principles are 
explained. 

Figure 3.2 - L VDT as transtormar 

Basically a L VDT can be seen as a transtormar with one primary coil and two symmetrical 
but oppositely winded secondary coils. At the primary site V1 a sinusoidal signalis applied. 
With a normal symmetrical core, the induced secondary voltages atVpand Va will be equal 
but reversed. The sum Vp+Va will be zero. lf the transtormar core is no longer symmetrical 
due to displacements, the induced voltages are also no longer equal and the addition will 
result in a non-zero output voltage. Thus the output voltage is a tunetion of the core 
displacement 
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lf due to core displacement the induced voltage Vp is larger then Va, the sum will be a 
voltage that is in phase with V1. The other situation, Va is larger than Vp, the sum voltage will 
be counter phase with V1. This information can be used to identify the movement direction. 

~]18. 
®VJ8, 

@VJ8, 

@VJ8 

@V] 8° 
Figure 3.3 - Various L VDT transfers 

The output voltage will also depend on the magnitude of voltage V1• lf the absolute output 
voltage is used as a displacement criterion, the input voltage should be constant. Any 
fluctuation in V1 will be interpreted as a displacement of the core. By dividing the output 
voltage by the input voltage, this dependency is eliminated, thus: 

Vp +VQ 
'displacement' = --=-

v; 
This feature, independenee of souree amplitude, introduces a new one: how to divide two 
sinusoidal signals. This burden could be significant reduced if the signals ware DC signals. 

3.1.1. Synchronie detection 
Synchronie dateetion is widely used in the communication technology to retrieve the souree 
signal out of a modulated data stream. lt can also be used to rectify the AC output signal of 
the LVDT. The requirement of the (easy} availability of the souree sinusoidal voltage is thus 
satisfied. The synchronie dateetion is usatul in eliminating disturbances. 
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channel %s 
h=1 

Flgure 3.4 - Synchronie dateetion as commonly found in telecommunications. 

In case of the LVDT output detector, the picture in Figure 3.4 is slightly modified, but the 
tunetion is basedon the sameprinciple (see Figure 3.5). 

cos~ M (% + 1/2 cos 2Wt) 

TM cos rot 

Figure 3.5 - L VDT Synchronie dateetion 

The first cos ax is constant, it is the souree applied to the primary coil. The second cos ax is 
attenuated by M, where Mis the attenuation by the transformer. Mis relatively constant and 
independent with respect to cos ax . 
The following applies: cos m · M cos m = M cos 2 m = M ( t + t cos 2m) which is exactly the 

same as used in systems for telecommunication. Feeding the output of the circuit to a low 
pass filter, only the term~ M resides. This is a 'DC' voltage (low frequency (<100Hz)), which 
is proportional to the (momentary) transfer attenuation. 

Additlve noise 
In a synchronie dateetion system most of the additive noise is eliminated. 

cos rot (cos rot+ N) cos rot= 
1f.! + 1f.! cos 2rot + N cos rot 

Figure 3.6 - Synchronie dateetion with additive noise 

In the detector output the extra noise term is N cos M . lf this term does not contain low 
frequency components, the low pass filter will eliminate the noise. This is illustrated for the 
specific case where the noise is a sinusoidal signal (see Figure 3.7): 

Y2 + Y2 cos 2rot + 
.....__ Y2 cos(o>+<t>)t + Y2 cos(oo--q,)t 

Figure 3. 7 - Synchronie dateetion with additive sinusoidal distortion 

The noise signa I is eliminated/attenuated if l<m- ;)I> me (wc is filter cut off frequency) In 

case of a power supply ripple, an oscillation frequency of 1OkHz and low pass band of 
300Hz, the ripple will be suppressed. 

Multlplicatlve noise 
Multiplicative noise is not suppressed with this method; all errors will be present in the output 
(see Figure 3.5, assume M represents noise). 
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Phase shift 
Essential tor synchronie dateetion is the in-phase oparation of the oscillators in the 
'transmitter' and in the 'receiver'. 

= M { (112 + 112 cos 2rot) cos q> • 112 sin 2rot sin q> } 
cosL.t X M cos rot cos(oJt+q>) 

M cos( oot+cp) 

Figure 3.8 Synchronie dateetion with phase shift 

A phase shift introduces an attenuation of the signal of interest by cos rp and adds a 

quadrature component. The higher frequencies components are suppressed by the low pass 
filter and thus remains: Yz M cos rp 

Analog multiplication 
The synchronie dateetion requires multiplication of analog signals. The product of this 
multiplication is filtered to retrieve the component of interest. Furthermore, it is known that 
one signal is a smooth non-zero sinus. Therefore the pure signal multiplication can be 
simplified. This smooth sinussignalis converted into a block signaland subsequently this 
blockis used to multiply the other (attenuated and distorted) signal with plus or minus one. 

cos oot 

M cos oot o-----~ ±1 
out 

muliplierL--_... 

Figure 3.9 - Application specific analog multiplication 

The following tunetion describes the output: 

{
+ 1, cosax ~ 0 

out= M cosax · 
-1, cosax < 0 

According to Fourier, the block signal can be written as: 
f(t) = .;cos(aJot) + f,rcos(3aJot) + 1,; cos(5aJot) + ............ (See appendix A) 

Substituting this Fourier transform, the out signal becomes: 
out = M cos mt · {.;cos( mt) + T,r cos(3mt) + 1,; cos( 5mt) + .... } 

= M {;- + ;.cos(2ax) + ifcos(2ax )+ ifcos(4ax )+-f,;cos(4ax )+ ~cos(6ax )+ .... } 

Aftar the low pass filter remains: 
2 

out filter = - M 
1t 

The simplified multiplication system, useable in this special situation, introduces only a small 
amplification of the output signal (by Y. ). 

3.2. Accuracy of the Basic System 
The mirror unit is equipped with coils for the angle maasurement These coils interfere with 
the performance of the unit. Extra mass added to the mirror itself increases the inertia; the 
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physical extent limits the light path. The sensor itself is thus a factor introducing 
disturbances. Therefore restrictions in the coils eppearanee are necessary. This has 
repercussions on the electrical properties and is a limiting factor of the maasurement 
accuracy. 

VOLTAGE 
REFERENCE 

Figure 3.10 - Basic L VDT system 

A basic system of a L VDT interface is depicted in Figure 3.1 0. The system can be divided in 
the following sections: 

1 . Oscillator; 
2. Synchronie detectors A and B; 
3. Divider/filter; 
4. Sensor. 

The oscillator supplies the primary coil with a sinusoidal voltage. The oscillator frequency 
should be as constant as possible; the primary coil inductivity changes with the frequency. 
The voltage of the secondary coil is fed into a synchronie detector, giving a voltage 
proportionaf to the transfarmer coupling. The oscillator output is fed into a second synchronie 
detector; its output represents the oscillator amplitude. By dividing these outputs, an 
independenee of the oscillator amplitude is created. This convenient feature impraves the 
accuracy of the system by eliminetion of this dependency. The filter removes the unwanted 
by-products from the synchronie dateetion system and supplies the output amplifiers with a 
DC voltage. The DC output of the system is proportionaf to the couple factor of the 
transformer, is the LTS case, the mirror coil system. 

The oscillator and de synchronie detector are interfacing the sensor. The functioning of 
these parts is influenced by the sensor characteristics. The primary coil resistance is 
relatively high compared to the coil inductivity: the primary coil has a low quality factor. Th is 
makes the system sensitive for frequency and tempareture changes. Analyzing the system, 
the following can be deducted. 
The induced voltage in the secondary coil depends ontheflux through this coil. The current 
flowing through the primary coil generatas the flux. With an ideal primary coil and a 
stationary process, the current is directly proportionaf to the voltage over the coil. This 
voltage is used in the division. lf this voltage not exactly represents the voltage over the 
inductance due to a non-ideal coil, a deviation is introduced. A second problem occurs due 
to the introduced phase shift by the not-ideal coil. For a synchronie detector the oscillator 
frequency must be exactly in phase to the signal to detect. For the 'B' detector, this is nota 
problem: the same signa! souree is used. The 'A' detectorsignalis the output of the 
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secondary coil and the oscillator input is the input signa! of the primary coil. These signals 
are not in phase. To compensate, a phase shitter has to be inserted. 

These problems can be compensated for if the phenomenon is statie. lf, for any reason, 
changes in the behavior occurs, errors are introduced. Problem sourees are: 

• Coil tempersture dependenee 
• Coil frequency dependenee 
• Voltageleurrent proportion assumptions 

In the next sections, these dependencies are analyzed. 

3.3. Ana/ysis of primary coil temperafure dependenee 
The primary coil quality factor is low, approximately 5. Therefore, a not to be neglected part 
of the supplied voltage will drop over the coil resistance, which is tempersture dependent 
When supplying a constant voltage to the coil, the proportion of voltage drop over the coil 
resistance and the coil inductance will change with the temperature. This undesirable effect 
creates changes in the magnatie flux. 

Tabla 3.1 - The electrical properties of copper 

When using the tempersture coefficient a., a correction factor 8 can be calculated with the 
following function: 

e = 1 +a.(t-20). 

An environments! temperature increase of 20°C (t = 40°C} results in 9 40 = 1,0786. The coil 
resistance will be: R20 x 8 40 = 470,3 x 1,0786 = 507,3 n. The inductance is XL= rol= 
27t·20k·21,2m = 2.664,1 n. 

The coil impedance becomes: 
Zw =~R~ +Xz =~.--47-0-,3-2 _+_2-.6-64-,1-2 =2.705,3[0] 

Z40 = ~R:0 + Xz = ~507,32 + 2.664,12 = 2.711,9 [Q] 

With an assumed souree voltage of 1 V, the currents will be: 

1 Here w is used in the previously built proto type unit. In the next chapter the new 
implementation is discussed and a different (lower) w is used and thus worsening the quality 
factor. 
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iw = 
1 

= 369,64,uA 
2705,3 

i«> = 1 = 368,75,uA 
2711,0 

. ../' 

The tempersture dependenee becomes: 

ll = i«>- iw 1 100% = 368.75-369.64 1 ·100 = _12.05 .10-3 [% J 
R Î20 /lt 369.64 20 oe 

3.4. Ana/ysis of frequency dependenee of coil-to-coil transfer 
Another flux change problem arises when the souree frequency changes. Compared to the 
problem in the previous section where coil resistance changes ware analyzed, in this 
analysis, the coils resistance is constant but the inductance fluctuates. 

The frequency dependenee of the used souree is 200ppm/°C (see next chapter). Again the 
analysis is based on a souree frequency f of 20kHz. With an environments! tempersture 
change of 20°C a frequency change of 20 x 200 = 4000 ppm = 4% would occur. 

The coil impedances are: 
Z

1 
= ~ Ri +x ;

1 
= ~r-47-0-,3-2_+_2-.6-64-,0-7-2 = 2.705,3 [Q] 

Z2 = ~Ri + x;2 = ~470,32 + 2.770,632 = 2.810,2 [QJ 

When assumed a souree voltage of 1 V, the currents will be: 

iw = 
1 

= 369,64,uA 
2.705,3 

i40 = 1 = 355,84,uA 
2.810,0 

The frequency dependenee are: 

ll = i40 - i20 1 100% = 355.84-369.64 1 ·100 = _186.65 .10-3 [% J 
I i

20 
llt 369.64 20 oe 

3.5. Phase correction 
The proposed system uses a synchronie detection. With synchronie dateetion it is important 
that the detector is in phase. The output voltage is multiplied with cos(cp) where cp is the 
phase shift. For a phase shift of 1% (2rt·1 %) the output attenuation will be cos(0.02rt) = 
0,9980 which is (1-0,9980) /1 * 100 = 0,2%. A phase shift of 5% results in a 4,89% amplitude 
ditterenee ((1-cos(O, 1rt))*1 00). 

Phase shift at 20°C: 

rpw· = arctan X~ = arctan 
2

·
664

•
07 = 1,396 rad= 79,99° 

R20 470,3 
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First the shift due to tempersture variations of the coil: 

I X~ 2.664,07 
382 

o 
rp 

40
• = arctan --= arctan = 1, rad = 79,22 

R40 507,3 

Second the shift due to tempersture variations of the oscillator: 

2 XL 2. 770,63 
rp = arctan-40

- = arctan = 1402 rad= 80.37° 
40" Rw 470,3 ' 

Supposing that both the coil as the oscillator vary in temperature: 

x 2.770,63 
rp3 = arctan~ = arctan = 1,390 rad= 79.62° 

..oo R40 507,3 

Tempersture shifts of the souree can be caused by environmental tempersture variations 
and by dissipstion (power supply). Also, the coil tempersture depends on the environmental 
tempersture and by the power dissipated in the coil resistance. 
Assuming a sinusoidal coil voltage of 10VRMS. the dissipated power will be: 

P . • = (vcoil RMs ·cos rp )
2 

= (10 · cos(l.396) Y = 6 431 [m W] 
coii-20 Rw 470.3 ' 

From this, it can be concluded that the dissipated power is not a factor of great importance. 

3.6. The Analog Devices IC AD698 

2The AD698 is a complete, monolithic L VDT signal conditioning subsystem. lt is used in 
conjunction with LVDTs to convert transducer machanical position toa unipolar or bipolar de 
voltage with a high dagree of accuracy and repeatability. All circuit functions are included on 
the chip. With the addition of a few external passiva components to set frequency and gain, 
the AD698 converts the raw L VDT output to a scaled de signal. The device will operate with 
half-bridge LVDTs, LVDTs connected in the series opposed contiguration (4-wlre), and 
RVDTs. 

The AD698 contains a low distortien sine wave oscillator to drive the LVDT primary. Two 
synchronous demoduistion channels of the AD698 are used to dateet primary and secondary 
amplitude. The part divides the output of the secondary by the amplitude of the primary and 
multiplies by a scale factor. This eliminatas scale factor errors due todriftin the amplitude of 
the primary drive, improving tempersture performance and stability. 

The AD698 uses an uniqua ratio metric architecture to eliminste saveral of the 
disadvantages associated with traditional approaches to L VDT interfacing. The benefits of 
this new circuit are: no adjustments are necessary; tempersture stability is improved; and 
transducer interchangeability is improved. 

2 The intermation in this sectien is copied trom the Analog Devices AD698 data sheet. 
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4. The redesign 
The previous designed signa! conditioners by [Linssen] ware analysed. The design 
considerations ware described in summary. In the next sections, ideas are analysed and 
parts are described which are combined into the complete sensor signa! conditioner. In 
appendix C these complete schematics are listed. 

4. 1. Different oscillators for the air-gap and the angle sensors 
In the previous design one oscillator is used for both angle sensors and the air-gap sensor. 
For both angle sensors this is preferable, aftar all only one primary coil exists. Using this 
oscillator for the air-gap too introduces interterenee between both systems, primarily due to 
parasitic coupling. lntroducing an extra oscillator and driver, eliminatas most of this 
interference, aftar all synchronie dateetion is used. 
The implementation of separated oscillators is fairly simple. One angle sensor interface is 
build around one AD698 IC. The second interface used also one AD698, but operatas in 
slave mode; it uses the oscillator intermation of themaster AD698. This way, both interfaces 
operate exactly in phase. The air-gap interface uses its own AD698 with its own oscillator 
and oscillator frequency. 

The maximum oparation oscillator frequency of the AD698 is 20kHz. The primary coil 
impedance consists of a resistive and an inductive part. T o suppress di stortion ( see chapter 
3) a high inductive part compared to the resistive part is preferred. The only way to 
accomplish this with a supplied sensor is increasing the frequency. The capacitive air-gap 
sensor does not suffer from this problem; therefore the highest frequency is assigned to the 
angle sensor unit and the lower to the air-gap unit. Letting the angle interface operate on 
19kHz and the air-gap on 16kHz, keeps the lower harmonies separated so they will not 
interfere. 

4.2. Independenee of the angle sensor primary coil quality 
In the previous chapter it was outlined that due to the coil resistance an error is introduced. 
With help of extra electronics, it is possible to compensate for this resistance. 

The secondary coils generata a voltage proportional to the amount of flux change through 
the coil. lf this change is initiated due to tilting of the hemisphere, this change is exactly the 
wanted information. On the other hand, if flux changes occur due to for example 
environmental changes, this is distortien of the signa!. 
When a signal division is used of the applied flux and the captured flux, known changes in 
the souree are compensated. The question is: how much flux generatas the primary coil? 
The primary coil voltage and current can be measured. With this information the flux can be 
calculated. 

Prlmary coll Secondary coH 

Figure 4.1 - Angle sensor coil model 

The flux generated by the primary coil is: lfl = JvLP dt . In the system the coil voltage VLP is 

unknown. The supplied voltage Vp however, is known. The current ip flows through the 



inductive and the resistive part of the coil is equal and measurable or even controllable 
(current controVsupply insteadof voltage control). The flux will be: 

According to [Kip]: 
J.l J.l N2ttr2 

L = 2cos a~0 ~r~--
h 
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where a, r, h are coil construction constants, N the number of windings, Po the magnatie 
permeability of vacuum and JJr the relativa permeability. The problem parameter in this 
tunetion is Pr· Often Jlr is assumed constant, however in this situation this is not the case. 
Due to the moving hemisphere, JJr changes and L varies. Thus the emitted flux changes due 
to the movementsof the mirror. Other Jlr variations/fluctuations are hysteretic effects due to 
material properties, causing higher harmonies. 

There are two solutions: 
1. Do not use current ip but voltage VLP todetermine the flux; 
2. Compensate by post processing the maasurement data (look up table). 

By inserting some extra electronics, the voltage VLP can be derived and the variabieL effect 
can be compensated for, thus eliminating an error source. The post processing can be used 
to linearize the transfer and compensate tor other irregularities but cannot compensate tor 
variations in time. Therefore the first method is preferred. 

+ 

VSOURCE 

Figure 4.2 - Compensation circuitry 

Figure 4.2 shows a schematic overview of the compensation circuitry tor the maasurement 
error due to the ohmic part of the primary coil. The goal is to select only the voltage over the 
inductive part of the primary coil. This can be done as follows: 



VRIJ' =i RIJ' • RL.P = Îp • RL.P 

VLp = Vp- VRL.P = Vp- ip. RL.P 

These voltages are vectors, as shown in Figure 4.3. The rasuiting voltage VLP of the 
compensation circuit will have a phase of 90° and equals ift . 

Figure 4.3 - Primary coil phasor diagram 

The schematics in appendix C show the actual implementation of this circuitry with 
electronics. The current ip is measured with help of a transformer. Using only an instrumental 
amplifier, the common mode voltage would causa problems. The transtormar eliminatas this 
common mode voltage. 
The total coil voltage Vp is measured with an instrumentation amplifier. The remaining 
additions and subtractions are implemented with operational amplifiers. 

4.3. Air gap sensor 
In the original design an op-amp to buffer the air gap sensor was added. This was mainly 
necessary because of to the physical distance of the interface electronics and the sensor. 
In the new situation the wiring is kept short and the buffer is not necessary anymore tor this 
reason. Connecting the AD698 inputs to the air-gap will causa a not negligible load. 
Therefore trom electrical viewpoint, a buffer is wanted. 

The buffer is implemented using a CA2140 op-amp (see appendix C sheet 5). The op-amp is 
connected as a non-inverting amplifier with an amplification factor 2. The capacitor 
connected between the AD698 oscillator output and the air-gap (implementing the voltage 
divider) has the same value as the air-gap capacitance in idle position. In idle position, the 
oscillator voltage is divided by two. After the buffer, the level is returned to the original 
oscillator value. 

When the air-gap is too small or the air flow is off-line, the hemisphere will hit or rest on its 
seat, making electrically contact. The output voltage is zero. This will be the output value of 
the system as well. Thus, a zero output voltage is an indication of an off-line mirror unit. 
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4.4. Filter bank 
Previous research [Linssen] showed the necessity of additional filtering of the output of the 
AD698 Analog Devices LVDT interface. The applied filtering of this chip is not sufficient for 
the required precision. Aftar using an additional fourth order Butterworth filter, the 
requirements are met. The implementation of a Butterworth filter is an often-used solution 
when using two operational amplifiers. The filter can be divided into two sections, which are 
functionally equal. Due to ditterences in component selection of the capacitors and resistors, 
the transfer characteristics of the sections are unequal. Tomeet the Butterworth 
characteristic of the overall filter, component selection is crucial. 

In chapter 14 of [Tietze & Schenk] theoretica! background and practical implementation 
information of activa filters are described. 

The transfer tunetion of a fourth order low pass filter has the following general form: 

A(S) = Ao = Ao where S = _!_ = jm (tor sinusoidal input) 
1+c,S +c2S 2 +c3S

3 +c4S 4 P8 4 Wc Wc 

The fourth order Butterworth polynomial is 
P84 = 1 + 2.613S + 3.414S 2 + 2.613S 3 + S 4 

= (1+1.848S +S 2 )(1+0.765S +S 2
) 

= (1 + a,S + b1S
2 )(1 + a2 S +b2S 2

) 

Summarizing the factors: 
a1=1.8478, b1=1 
a2=0. 7654, b2=1 

Which gives quality factors: 0 1=0.5412 and 02=1.3065 

The filter characteristic preferably has a unity gain in the pass band. The output of the 
AD698 ranges from +10 to -10V, so extra amplification would introduce clipping. The 'core 
displacement' versus amplitude (amplification factor) can be selected by aresistor directly 
connected to the AD698. Attenuating the signal is not possible with the selected circuit (filter 
with positive feedback). 

IN 

)>------i 
R1 

-15 

C2 

R2 2 

3 

C1 

I +15 

Figure 4.4 - 2nd order filter section 
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Given the filter frequency, a, band Ao=1, the four tuneable parameters of a filtersectionare 
the values of the two resistors and the two capacitors. There is more than one solution for 
this equation. This could be used in our advantage by selecting the appropriate capacitors 
first as the capacitors selection range is limited. Later, the resistors can be calculated and a 
close match selected in a standerd range. 

So with known C1 and C2 we get: 

In order to arrive at real values, the condition C2 ~ 4~ must be fulfilled. 
cl a 

4.5. lmplementation 
In appendix C the complete schematics are listed.Component numbers in the next sections 
refer to the components in these schematics. The schematics are divided into 5 subsheets: 

1. Air-gap interface; 
2. First angle sensor interface (AD698 in master mode); 
3. Second angle sensor interface (AD698 in slave mode); 
4. Power supply; connector pin out; actuator wiring; 
5. Air-gap buffer; sensor connectors. 

The first digit of the component number rafers to the subsheet number, thus R203 is resistor 3 
on sheet 2. 

To contigure a system which uses the AD698, the datasheet contains a recipe how toselect 
the components. In the next sections components are selected according the manufacturer 
specifications. 

In the last sections of this chapter filters to suppress the output ripple of the AD698 are 
dimensioned. 

4.5.1. Air-gap sensor 
Air-gap AD698 interface component selection. 

Oscillator frequency: 16 kHz. The frequency is determined by one capacitor: C102 

35 35 
C102 = [,uF ·Hz]=-= 0,0021875,uF ~ 2.2nF 

f ucilation 16k 
Measured result: 15,5kHz 

Oscillator Amplitude: 10V1op.-> 7,5Veff The amplitude is determined by selection R1o2· Figure 
9 in the AD698 datasheet (page 7) shows the resistance to Vexc-RMS relation. This is fora 
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balanced output only, the air-gap drive is unbalanced. Vexc Values should be divided by two. 
A 1 kn resistor will give the required output amplitude. 

The maximum output voltage is set by R103 according to the following relation: 
VOUI = I ref • i . Rl03' where I ref = 500 jJA 

With A/8=1 and V out max of 1 OV, R1 03 is: 
V 10 

Rl03 = Ou/ A = = 20k.Q => 18k.Q 
I re/ • ïi 500 ,U • 1 

Offset correction is not used. lf this is necessary, it can be implemented in software. Pins 26 
and 27 are left open. 

The output ripple is extra filtered by the fourth order Butterworth filter. The filtering by the 
AD698 should be not too strong, as this will add phase disturbances. A value for C103, C105 
and C106 of 33nF are acceptable, see figures 15 and 16 of the AD698 data sheet. 
The shunt capacitor C104 may vary between 1 n and 1 OnF. 1 OnF is selected for maximum 
ripple suppression. 

4.5.2. Angle-sensor 
Angle sensor AD698 interface component selection. 

Oscillator frequency: 19 kHz. The frequency is determined by one capacitor: C202. 
35 35 

C202 = [.uF ·Hz]=-= 0.001842,uF => 1.8nF 
fexcilOJioo 19k 

Measured result: 18.9kHz. 
The oscillator of the master used connected to the slave via 2 resistors of 15k (R304 and 
R305). 

Oscillator Amplitude (balanced output): 12VtopX 2 ~ 8,3Veff x2 = 16.6Veff. The amplitude is 
determined by selection R21s· Figure 9 in the AD698 datasheet (page 7) shows the 
resistance to Vexc-RMS relation. A 6800 resistor will give the required output amplitude. 

Offset correction is not used. lf this is necessary, it can be implemented in software. Pins 26 
and 27 are left open. 

The output ripple is extra filtered by the fourth order Butterworth filter. A value for C203, C205, 

C200, C302, C303 and C304 of 33nF are acceptable, see figures 15 and 16 of the AD698 data 
sheet. 
The shunt capacitors C204 and C305 may vary between 1 n and 1 OnF. 1 OnF is selected for 
maximum ripple suppression. 

4.5.3. Dimensioning the filter banks 
To maximally suppress the ripple and other disturbances, choosing an as low as possible 
filter cut-off frequency oust including the dynamic range of the mirror subsystem) will give 
the best result. This optimum ripple suppression approach has a major weakness; only the 
optimum amplitude is taken into consideration. A filter will introduce phase disturbances as 
well; the proposed 4th order filter will have a phase shift of minus 180" at the cut-off 
frequency. So eliminating one disturbance, introduces another. Moving the filter cut-off 
frequency upward, I i mits phase disturbance in the frequency band of interest. 
In the previously used design the cut-off frequency is 3.1 kHz. The design goal of the overall 
system was a bandwidth of 300Hz. The first design I realisation had a bandwidth of 20Hz. So 
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this original aim seems to be ambitieus. The air gap sensor has a bandwidth of 1OOHz 
[Bogaards] and the scanning mode controller a bandwidth of 50Hz. Thus selecting a filter cut 
off frequency with a limited phase disturbance at 1OOHz, seems reasanabie (with the current 
mirror unitand design state). 

When selecting a cut-off frequency of 2kHz, the phase shift at 1OOHz is 9.29. and at 1OHz 
the phase shift is 3.1· for the fourth order Butterworth filter. The base frequency component 
of 16kHz will have an attenuation of 73dB. 

Î 
I 

Figure 4.5 - 4th order filter bode plot 

With the filter cut-off frequency known, the filtercomponentscan be selected. To assist in 
the calculations a Matlab script is written: "ButterSei.M". Various series of capacitors and 
resistors can be selected. The values returned by ButterSel will have component values of 
these series. 

Filter overview, cut-off at 2kHz: 
Parameter First filter Second filter 

section section 
a 1.8478 0.7654 
b 1 1 
R1 84500 43000 
R2 62000 18000 
C1 12nF 82nF 
C2 10nF 10nF 

See appendix B for the ButterSel output. 
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4.6. PCB 
In appendix D tha PCB is shown. All components of the air-gap and angle sensors are 
located on ona round PCB. This PCB is mounted on the mirror unit. A small PCB in the 
centra, directly naar the hemisphere and the bearing accommodates the air gap buffer and 
interconnection connectors. 
The actuator connections (flex PCB) are also connected to this PCB. These are directly 
wired to a connector (DB9). 

The PCB is designed with Ultiboard 2001 trom Electronic Workbench. 

Figure 4.6 - Signal conditionar PCB 

4. 7. Evalustion 
Following decisions in the department, it is decided to discontinue this project aftar this part 
is finished as the available budget is limited, and new investments are necessary (revision of 
the mirror unit) to test the here presented sensor unit. Therefore, no further efforts ware 
directed at the hardware design and tests and the remaining time was spant on the second 
part of this thesis, tha switching controller design. 
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Process modelling, 

switching controller design 

and simulation. 



5. Controller concept and definitions 
The second part of this thesis describes the process modelling, switching controller design 
and si mulation for the laser tracking system (LTS). The used controller contains a special 
feature: it switches between tracking and scanning mode. 
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During normal operation, the controller operatas in tracking mode. By properly tilting the 
mirror, the laser points at the retro reflector at the Ooi. The retro reflectors returns the laser 
beam to the mirror, half way mirror and finally to the PSD. The taskof the tracking controller 
is keeping the lasers spot exactly into the centra of the PSD; the beam to and trom the retro 
reflector are following exactly the same path. Small tilting movements of the mirror can 
accomplish this. When moving the Ooi around and holding the mirror angle constant, the 
laser spot on the PSD will shift. lt's the controller's task to adjust the mirror angles to keep 
the laser spot in the centra, during movements of the Ooi. 

A problem arises when there is no returned laser beam, i.e. the sent beam misses the retro 
reflector. The PSD cannot supply intermation how to correct the mirror position and thus the 
feedback loop is broken. The same problem arises when the beam is returned but misses 
the mirror (retro reflector reflection area is larger than the main mirror reflection area). In 
these situations, the controller has to switch to the scanning mode. In this mode the 
controller lets the beam describe a pattern, for example a spiraL At a eertsin moment the 
beam will hit the retro reflector and the returned beam hits the PSD. Now, aftar capturing the 
beam, the controller switches to tracking mode and starts compensation for movements of 
the Ooi. 

The purpose of the laser tracking system is to determine the position of the Ooi (relativa to 
the origin of the LTS). With the returned laser spot pointing on the centra of the PSD, the 
angle and the length of the laser beam supply this information. The length of the laser beam 
can be measured with a laser inferometer. Thesedevicescan be ordered at specialised 
companies and in depth discussion is beyond the scope of this thesis. A laser interometer is 
assumed available and functioning with the desired specifications. 
The departure angle of the laser beam can be derived trom the angle of the mirror. The 
intermation supplied by the PSD is not useable to gain this information; the PSD supplies 
only a eertsin relativa distance of the Ooi position and the laser beam. Thus extra sensors 
have to be introduced tomaasure the absolute position of the mirror. The angle 
maasurement sensor is implemented by a set of coupled coils. The couple factor changes 
with the mirror angle, which is measured. 

With the angle sensors, the primary LTS tunetion of supplying the Ooi position is partially 
fulfilled. This intermation is also necessary to implament the scanning controller. The scan 
pattarn represents an pattarn in the environment of the Ooi. To implament a closed loop 
controller, the absolute angle intermation is essential. 

+ e c u 
p 

y 
~ (controller) 

(proceas, 
r plant) -

Figure 5.1 - General closed controlloop 

Figure 5.1 depiets a general closed loop. The complete controller, process etc of the LTS 
can be mappad on this general loop. All details are compressed into two blocks. In the 
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following sections, process details will be shown and a model will be derived. Then a 
proposal tor a controller is made, containing the tracking and scanning mode. 

The controller will only be tested in simulations. A model of the process will be derived to test 
the controller. The simulation will be performed in Matlab I Simulink. 

5. 1. Global coordinate system 
Somewhere in front of the LTS, the Ooi moves around in the LTS workspace. Tracking 
these movements with a laser beam, supplies the Ooi position information. This information 
is relativa within a defined system. The output information of the LTS will supply the position 
of the Ooi within the LTS global coordinate system. The term global is used tor two reasons: 

1 . As tor the LTS the world does not exist outside the boundaries of this global system; 
2. For the ease and transparency at some places a local coordinate system is used in 

calculations. To use this information in the LTS later on, it has to be translated to the 
LTS global coordinate system. 

(0,0,0) 

Figure 5.2 - LTS global coordinate system 

Figure 5.2 gives a 30 impression of the LTS global coordinate system. Only positive values 
at the z-axis are used. The LTS system itself is placed around the origin and exactly at 
(0,0,0) the mirror pivot point is placed. 



5.2. Symbol definitions 
Throughout part 2 of this thesis many symbols are used in various situations. In Tabla 5.1 
the most important symbols with a global scope are listed. 

Tabla 5.1 - Symbol definitions 

ö, Electrical representation of displacement 
error in x direction 

ö~ Electrical representation of displacement 
error in direction 

cpRR Angle between retro reflector centra and z
axis in 

~AR Angle between retro reflector centra and z-

39 
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6. Modelling the optical process, actuator and sensors 

The general process block of the previous chapter is divided into parts. For these parts, a 
model can be derived. Joining these models, results in a model for the whole process. 

The suggested process split: 
1. optica! process; 
2. actuator (motors and mirror); 
3. position sensing detector; 
4. angle sensor. 

retro 
reflector 

cpRR' ~RR• LRR 

... actuator 
e 1 <P ... -

(mirror & motor) 4J I~ 
optica! process 

.. (2) .. (1) -

angfe sensor 
~ d, 

(4) ... 
d~ 

... position 

.... 
sensing 
detector ... 

(3) 
... .... 

Figure 6.1 - Process divided into sections 

In the following sections, models for each part are derived. 

6. 1. Optica/ process model 
The main process in this application consists of an optica! system. A laser beam will be bend 
by tilting the mirror and so directing the beam into the space in front of the LTS to the Ooi. 
When the beam hits the retro reflector on the Ooi, the laser beam will be reflected in parallel 
to the souree beam, back to the mirror. A half way mirror will bend this beam toa PSD, 
where the distance between the transmitted and the received beam is measured. 

retro 
reflector 

cpRR• ~RR• LRR 

91q> .. d, .. 
4J I~ 

optica! process 
d~ .. .. 

Figure 6.2- Optical process (inputs and outputs) 
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The input parameters of the process are: 
• Mirror angles a and 4J (or global: cp and ~); 
• The position of the Ooi 

(Angles C4>RR and ~RR and distance LAR form the origin to the Ooi). 

The output parameters are: 
• Ö~p an ö~, the distances in x and y direction between the transmitted and the received 

laser beam. 

Subdividing the optical process block in Figure 6.2 results in the exploded view depicted in 
Figure 6.3. The numbered arrows indicate a light path. In section 6.1.3 all light path sections 
are analysed to derive a model of the process. 

laser 

beam splitter I 
half way mirror 4 

9,ljJ 
(or cp , ~) 

main 
mirror 

(half 
sphere) 

Figure 6.3 - 30 laser deflecting process, an overview 

6.1.1. Mirror orientation 
The main part of the optical system is the mirror unit. All components and systems are 
placed around the mirror unit. A global coordinate system must be chosen; this way all part 
positions and beam directions in the total system can be uniqualy described. 

The mirror is placed in a vertical, upright position. The laser beam points horizontally to the 
mirror, which is placed under an angle of TT/4 reflecting the beam into the space in front of 
the mirror. 

Figure 6.4 - Facing the vertically placed mirror unit 
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Chosen is to place the mirror pivot point in the centra of the global coordinate system with 
the laser on the horizontal x-axis. The z-axis points right into the space in front of the total 
LTS. The y-axis is the vertical axis, indicating the height. 

I 

z-axis: 
I 

: ® 
<p 

laser CD 

k - idle position 
(rr/4 offset) 

x-axis 

··'--,\(0,0) 

pivot point 
(in centra of global 
coordinate system) 

Figure 6.5- Laser beam and mirror angle relation (x-z plane horizontal). 

In neutral position, the laser should be reflected by the mirror along the z-axis. This 
implicates an idle mirror angle of rr/4 radians in the x-axis direction and 0 radians in the y
axis direction: the mirror has an offset. 
Now the deviation of the laser beam from the z-axis can be expressed in tilt engles of the 
mirror: 

{
rp = 28 (x- axis) 

Ç = 2lf/ (y- axis) 

6.1.2. Retro reflector position 
In the same global space, the retro reflector is located at position (XRR. YRA. zRR). This 
position can also be expressed in spherical coordinates with engles <i>RR· ~AR and distance 
LAR· 

z 

z,. ---------

,., " "Yrr Y 
I I ' x ' 

rr ---------

x 

Figure 6.6 - Retro reflector position definition 

With help of the following transformations, the switch between the coordinate systems can 
be easily made: 



LRR =~x~+ y~ + y~ 
x 

rpRR = arctan _1Y1. 

ZRR 

and [Siots, appendix A]: 

6.1 .3. 2-dimensional model 

( 6-1 ) 

( 6-2) 

Before deriving the 3-dimensional model, a 2-dimensional model is derived. To expand the 
20 model to 30 is then only a small step, as will be shown in the next section. 

• I 
Z·SXIS, 

I 
I 

laser 
~~~~~--~--~v 

I 

mirror ttd~ ___ _.._ pso 

Cj)RR 

~R 

Figure 6.7- 20 optical process view (x/z plane) 

The laser path trom the laser to the PSO consists of 5 routes: 
1. trom the laser to the mirror; 
2. trom the mirror to the retro reflector; 
3. trom the retro reflector to the mirror; 
4. trom the mirror to the beam splitter I half-way mirror; 
5. trom the half-way mirror to the PSO. 

x-axis 

The laser beam travals with the speed of light, the effect of process changes is 
instantaneous. Th is is why the process has no memory effects. 
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When moving the mirror around, this is not the case. These effects are accounted for in the 
actuator model (see actuator model section). 

The laser path 1 to 5 can be modelled as follows: 
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Ad. 1 - trom the laser to the mirror 
The x-axis is positioned on the laser beam and the mirror is positioned in the origin (0,0). 
A description of the fine piece (1) between the laser and the origin is: 
z=a1x+b1 =0 (a1 =b1 =0) 

Ad. 2- trom the mirror to the retro reflector 
The tunetion describing the fine through the beam trom the mirror to the retro reflector is 
z = a2x+b2 • 

b2 is zero (fine via the origin) 
The angle between the z-axis and the laser beam is cp: the angle between the x-axis and the 
fine is: n/2-cp, giving a2 = tan(n/2-cp) and rasuiting in: 
z = tan(~- rp)x 

Ad. 3- trom the retro reflector to the mirror 
For derivation of the function, see next section. 
z = ax + 2zRR - 2ax RR - b , with a=a2 and b=b2, so: 

z = tan(~- rp)x+ 2zRR- 2 tan(~- rp)xRR 

Ad. 4 - trom the mirror to the beam splitter I half-way mirror 

The retro reflector reflected beam (3) is parallel to the beam trom the laser (2), thus after 
reflection by the mirror of beam (3), beam (4) wilt be parallel to the souree beam trom the 
laser. 
The tunetion will be z = a4x + b4 with a4 = a1 = 0. 
To find b4, the intersectien of the mirror plane and beam (3) must be calculated. 
The angle between the z-axis and the mirror is n/4+9 (n/4 is the offset between the mirror 
and the x-axis). So the angle between the mirror and the x-axis is n/2-(n/4+9)= n/4-9. 9 =%q> 
and the angle becomes: V.Z(n/2- cp) 
Mirror surface function: z = amx + bm = tan(~ (~- rp))x 

Intersectien point: 
tan(~ (~- rp))x = tan(~- rp)x + 2zRR- 2 tan(~- rp)xRR 

x= 2 zRR - tan(~- rp)xRR 
tan(~ (~- rp))- tan(~- rp) 

z - tan("/ - rp)x 
z = b4 = tan(~ (~- rp))x = 2 tan(~ (~- rp)) RR / 2 RR 

tan(~ (~- rp))- tan(~- rp) 

When using: y = ~ (~- rp ), 2 1 
l+tan r= 2 ' 

cos r 2 
2tany tan r = __ .;..___ 

1-tan 2 y 

z -x tan2y . 
Z = b4 = 2 tan Y RR RR = 2(XRR Stn 2y - ZRR COS 2y) 

tan r- tan 2y 
When using polar coordinates (cpRR. LAR) insteadof (XRR. ZRR) we gat: 

xRR = LRR cos(~ - rpRR) = LRR cos 2y RR 

zRR = LRR sin(~ -rpRR) = LRR sin 2yRR 

z = 2(LRR cos2yRR sin 2y- LRR sin 2yRR cos2y) = 2LRR sin(2y- 2yRR) 

= 2LRR sin((~ -rpRR)- (~- rp)) = 2LRR sin(rp -rpRR) 



Ad 5 ·trom the half-way mirror to the PSD 
This half-way mirror doesn't add any information; it exists to accomplish the physical 
implementation. 
Therefore: 

dip = b4 = 2LRR sin((/)- (/)RR):::: 2LRR((/)- (/)RR) 

Sensitivity 
When the laser hits the retro reflector exact in its centra, the following situation applies: 

(/) = (/)RR ==> dip = 0 

When cp is slightly off and cpAA is constant: 
(/) + !lrp ~ (/)RR ==> dip ~ 0 ==> Mip 

N h 
. . . . Mm 2LRR sin(flrn) 2LRRflrn 2L 

OW t e sensltiVIty IS: __ .. = .." :::: .." = 
fl (/) fl (/) fl (/) RR 
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This leads to the conclusion that the accuracy of the retro reflector perpendicular position is 
independent of the distance. 

Figure 6.8 - Distance independenee 

As can beseen in Figure 6.8, the distance ö between the souree laser beam and the 
reflected beam do not change if the retro reflector is moved along the beams. 
But then, when the laser beam angle cp increases with L\cp, distance ö changes with 2~A· 

Thus: to control the angle cp, it is necessary to know the retro reflector distance ~A· 

6.1.4. 3-dimentional model 
The 3-dimensional model is in essence equal to the 2-dimensional model. The two axis x 
and y are independent of each other. 

{

dip = 2LRR sin((/)- (/)RR):::: 2LRR ((/)- (/)RR) 

dç = 2LRR sin(~- ~RR):::: 2LRR(~- ~RR) 

6.1.5. The retro reflector 
The retro reflector is a very special construction of mirrors with the proparty that the reflected 
light rays are in parallel with the incoming rays. The reflected ray has the same distance to 
the retro reflector centra (ARC) as the incoming ray. The retro reflector has a three-
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dimensional reflection construction. Within limitsof the light opening, the retro reflector can 
move and rotate around its centra, without altering the outgoing light ray direction. 

The two dimensional equivalent is a prism or two mutually perpendicular mirrors. In the case 
of the prism, the incoming and outgoing rays enter and leave the prism via the longest site. 

11,(1) 15,(2) 

11. (1) 

Figure 6.9 - Beam path via retro reflector 

In Figure 6.9 can beseen that the reflected beam is independent of the angle of attack of 
the souree beam (orange and green mirrors) and thus independent from rotations of the 
retro reflector around its centra. Though, a shift has implications (blue mirror). lf the centra 
point shifts toward the incoming beam, the distance ö1 decreasas and so the does the 
distance l5o. 

ö, 

Figure 6.1 0 - Beam distance 



Another proparty of the retro reflector is that öi and ö0 are exactly the same, as can be 
concluded from: 

The angle between the centre line (parallelline to incoming beam, though retro reflector 
center ARC) and the mirror with the incoming beam, is also a (angle 3). 

Now, the length of line piece p = ~. 
sma 

The angle aftar the first reflection (angle 2) is equal to the angle of attack of the incoming 
beam, also a. 

Baarn length q =-p-= . x . Now r =qsina= - x-
cosa sma·cosa cosa 
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Angle 3 =a, so angle 4 = n/2-a, after all the mirrors are placed perpendicular toeach other. 
Th is implicates that angle 5 is also a. No y = r cos a = x witch proves that ö1 = Ö0 o 

Now: d rr = 8; + 80 = 2 · 8; 
where: 

drr is the absolute distance between the incoming and reflected beam; 
ö1 is the distance between the incoming beam and the retro reflector center; 
öo is the distance between the outgoing (reflected) beam and the retro reflector. 

and 
the retro reflector has a gain of factor 2. 

That the incoming and reflected beams are in parallel can be seen: 

Figure 6.11 - Retro reflector parallel beams 

The total angle is 11+À where angle 17 = n- 2a , À = n- 2/3 and f3 =%-a . 
Now: 17 +À= (n- 2a) + (n- 2/3) = -2(a- /3) = -2(a- (%-a))= n 

To derive a model for the reflected beam, the following assumption is made: 
One of the retro reflector mirrors is in a horizontal position. lmplicitly, the other is in a vertical 
position. With a known orientation, some distances are defined. This assumption implies no 
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practical limitations since the retro reflector can rotate around its centra without altering the 
reflected beam. 

z-axis 

RRC at (x,. •• z"") 

I I 
I~ 

I I 

x' x,. x" x-axis 

Figure 6.12 - Beam path derivation 

The tunetion of the incoming beam is: z = a · x+ band the position of the retro reflector is 

(xrr' z"). 
Somewhere in the x/z-plane the incoming beam crosses z = z" . The distance between this 

point and the ARC (Retro Reflector Centre) is equal to the distance on the other site of the 
ARC and the reflected beam. The found point is located on the line, which represents the 
reflected line. Because of the parallel proparty of the beams, the angels of the two lines with 
the x-axis are equal and thus share the direction coefficient a. Therefore the reflected beam 
tunetion is: z = a· x+ b' 

b' is determined as fellows: 
z -b 

z = ax'+b => x'= """'""'--rr 

x''= x + (x -x') rr rr 

z = ax' '+b' => rr 

a 

b'- "- ( ( z"-b))-2 2 b - Zrr - ax - Z" -a X" + Xrr - - Z" - axrr -
a 

So the tunetion of the reflected beam is: 

z = ax+ 2z"- 2ax" -b 

6.2. Actuator model 
The actuator consistsof three motor units, placed in an angle of %TT radians (120.) of each 
other. These units are conneeled by a string to a ring on top of the mirror. By pulling or 
releasing the strings, the mirror rotatas around its pivot point in the sphere centra. 
The motor units resembie the coil/magnet construction commonly found in loudspeakers. 
Currents through the coil will generata a force. 
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For an extensive description of this system, see [Siots], sectien 2 and 3. 

The physical implementation uses three actuator units, with three eerrasponding control 
signals, thus centrolling two axes of treedom with three actuators. Therefore a dependency 
exists. Via a transformation matrix two angle inputs are translated to three motor signals. 
The actuator model is based on two voltage inputs to control two angles. The model output 
is the semi-sphere tilt angle. 

H14J,e (s) ... e 

VI4J 
actuator 

(mirror motor) 
_ .. 

Figure 6.13 - Actuator 

The first model 
Extensive work on a derivation of a model tor the actuator and mirror system has been done 
by [Siots], rasuiting in the following transfer tunetion (a SISO model used tor each single 
independent input and eerrasponding output) [chapter 3 and 4, tunetion 4.54]: 

H lfl 8 5.4013 ·101s 

s (s) = V
111 

= V
8 

= ss+ 3.5 ·103 s4 + 2.1372 ·108 s3 + 7.4434 ·1011 s2 + 2.0777 ·1014 s + 2.9013 ·101s 

( 6-3) 

With: Va and V'~~ in [V]; 9 and 4-1 in radians and where 9 and 4-1 are defined as in Figure 6.14. 

Notice the independenee of the 9 and 4-1 axis transfer. This special situation is ditticuit to 
realize in practise, maby even impossible. The three actuators have to be exactly identical, 
the angle spacing has to be exactly %TT radians (120"), etc. These deviations of a perfect 
symmetrical and identical parts system will introduce cross coupling between axes. The 
cross couplings have to be analysed later and will probably rasuit in adapted model. 

on the following positions: 

Here, in this local coordinate system, the x/y-plane is the mirror surface in idle position and 
the z-axis is lined up to the normal on this surface. The crigin is placed in the sphere centra, 
the mirror pivot point. 
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z 

z~ ---------
, I 

_, ..-" I 

x 

Figure 6.14 - Mirror angle definition (local frame) 

In this model is 9 the angle between the z-axis and the projection of n onto the z-x plane and 
4J is the angle between the z-axis and the projection of n onto the z-y plane. In tilted mode 
the vectornis the normal of the mirror. 
Changing the angles 9 and 4J means rotating the mirror along the x or y-axis. 

n = 2 
1 

2 ·{e .. tan8 +ey tanl!f+ eJ 
l+tan 8+tan l/f 

When incorporating the mirror in the total system, this local x/y/z-coordinate system should 
be fitted in the global system. 

In idle position the angles 9 and 4J are 0 radians which oorraspond to input voltages of OV. 
The maximum angle of both 9 and 4J is ±0.35 radians (±20.), due to physical constraints. 
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Figure 6.15 - First process model bode plotand pole-zera map (w range 1 o·1 
.. 1 06

). 

When looking to the bode plot of the process, a peak around 1750Hz stands out. In the pole 
zero map two poles almast lies on the imaginary axis, causing a flexible mode. This is an 
ingredient tor instability of the control loop. 
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The second model 
Aftar deriving the first theoretica! model and finishing an early prototype of the mirror unit, 
tests could be initiated. After verification of the first model, adjustments were necessary to 
reflect more realistic the behaviour of the mirror. The identification resulted in a shift of the 
poles on the real axis and an omission of the flexible mode poles. These last poles could not 
be measured due to limited bandwidth of the system. 

Aftar modifications by various people, this resulted in the following model [Theunissen]: 

1.1731· 1010 

H (s)---.".---~-----~ 
r - s3 + 1975s2 + 363400s + 1.491·107 

with poles on: -1775, -140, -60 
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Figure 6.16 - Second process model bode plot and pola-zero map 

( 6-4) 

This second model is used for the controller design. lt is the best known estimation of the 
angle control process at this moment. 

6.3. Angle sensor 
The angle sensor determines the position of the mirror. The mirror has three controlled 
dagrees of freedom: angle e, angle liJ (see 'actuator model' section) and the (air gap) 
height E. 

The air cap height is measured and kapt constant with help of a control loop. The controller 
functions well (see [Hamm]), so the air gap can be assumed constant when controlled. 
Given this situation, it is assumed that the measured angle can be presumed independent of 
the air gap height. 

The primary coil mounted on the mirror is connected toa sinusoidal oscillator. Two coils are 
placed naar the mirror perpendicular to each other and perpendicular to the mirror surface in 
idle position. 
Flux generated by the primary coil flows through the secondary coils. The amount of flux 
through these secondary coils depends on the physical construction and environment and 
secondly on the position (tilting) of the mirror. The first parameters are assumed to be 
constant. 
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Figure 6.17 • Flux through the secondary coils 

The flux through the secondary coil generatas a voltage. Now V secOIIdary coil is an indication of 
V prilllllry coil 

the captured flux by this secondary coil and soit is an indication of the amount of tilting 
(angles e and 4J) of the mirror. With the mirror in idle position (9=4J=O), the net fluxes though 
the secondary coils are zero: no voltage is generated. 

Befare the coil voltages can be used in the control loop, signal conditioning and 
mathematica! transformations are necessary. 

signa I 
conditioners 

(1) 
.__ __ _,V IJ 

linearization 
(2) 

beam 
angle 

transformation 
IV, (4) 

Figure 6.18 • Angle senor system overview 

Block 1 - slgnal conditleners 

I--_. 

In part 1 of this thesis, the signal conditioners (sensor interface electronics) are described in 
detail. Due to the lack of test data, the exact transfer tunetion is unknown. By utilising 
theoretica! and design considerations, a transfer tunetion is derived. The following sections 
describe in short the system used. 

With maximum coupling V secOIIdary coil = 1, the output voltage of the system is 1 OV. The voltage 
V prilllllry coil 

will have a sinusoidal form, so the sensor transfer characteristics are: 

(v.uJ = (lOsin(,u)J 
v" 10sin(7]) 
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Figure 6.19 - Angle sensor transfer tunetion 

Block 2 - linearization 
To use this information in a control loop, a linear transfer tunetion would be useful. Because 
of physical constrains, not the complete range (-n/2 .. n/2) is used. The maximum angle is 
0.35 radians (20·). Aftar linearization and amplitude compensation, the output voltage 
corresponds to the measured angle. 

(y~ïnJ = (arcsin(O.lVP)) = (arcsin(O.l·lOsin(,u))J = (.UJ 
v;m arcsin(O.lV") arcsin(O.l·l0sin(77)) 77 

Block 3 - angle system rotstion 
Another problem arises when looking at the position of the secondary piek up coils. These 
coils are not aligned on an axis in the (global) coordinate system. The actual measured 
angels are IJ and 1'1· A transformation of these angles together with mirror unit position in the 
global system will provide the required angle information. 

At this point, a local x/y/z-coordinate system is used. The x/y-plane equals the mirror surface 
in idle position and the z-axis lines up with the normal in the origin, perpendicular to the 
mirror surface. The origin (0,0,0) is located in the centra of the hemisphere. 
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Figure 6.20- Top view (along z-axis) of mirror and coil system 
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The mirror has an offset of rr/4 in the x-axis direction compared to the global coordinate 
system, this to accomplish the desired bending of the laser beam in idle position. The 
consequences of this offset are dealt with in block 4, see next section. 

Figure 6.20 shows a top view of the mirror system and the coil positions. The problem of the 
coil-axis alignment can be solved by a rotation. To transfer the 11 and 1-1 angle information 
(solid green and blue coils) into 9 and 4.1 angle information (cross-hatched green and blue 
coils), the angle information should be rotated 5/4rr radians (225") along the z-axis. 

This problem is solved in previously work [Linssen, section 3.1 .1.2], rasuiting in: 

Block 4 - beam angle transformation 
Aftar the 'beam angle transformation', the measured position information is be used directly 
in the global coordinate system. 

The required information of the angle maasurement system is the angle between the laser 
beam and the z-axis. Th is is the information needed to calculate the position of the Ooi and 
therefore the retro reflector position. 

In the 'mirror orientation' section a similar problem arose. The mirror angle was known, but it 
was not known how the laser beam would behave. While the engles are known by 
measurement, the direction of the laser beam is also known. The transformation is: 

Angle sensor model 
In the physical system, the actuators are three motors pulling strings to tilt the mirror. In this 
physical system, the angle sensors are providing feedback information of the actual tilt 
angle. 
The model of the actuator (see section 'actuator model') uses the sameinput definitions as 
the actual implementation does, but the model output is the tilt angle of the mirror (instead of 
physical movement). This information by itself can almost directly be used in the closed loop; 
the sensors and their transfer are omitted. 
Using the process model output makes units 1 till 3 superfluous (see Figure 6.18); only the 
last unit (4), the beam angle transformation, need to be performed. 

... H'll.e (s) .. e ~ 

v'll 
actuator .. (mirror motor) .. 

"' 
<l>s 

-+ ~ 

beam angle 
transformation ... 

~ 
~s 

Figure 6.21 - Angle sensor model implementation 
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Th is results in a major reduction of the contribution of angle sensor logic to the total model of 
the laser tracking system, to: 

6.4. Position Sensing Detector 
The PSD is an opto-electronic device, which converts an incident light spot into continuous 
position data. lt provides high resolution, tast response, linearity tor a wide range of 
intensities and simple oparating circuits. 

The used PSD is a two-dimensional unit with a square light sensitive area of 10 x1 0 mm. 
The sensor outputs are directly connected to the light sensitive core chip of the PSD. These 
signals need processing before they can be presented to a computer input (AID-input). 
The manufacturer of the PSD, Sitek Electro Opties, also supplies signaling conditioning 
boards. The used board maps the ±5mm light spot displacement trom the PSD centra to a 
±1 OV output signal with a linearity of 1 %. 

Transfer function: 

Figure 6.22 - PSD top view on light sensitive area 
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Figure 6.23 - PSD transfer tunetion 
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7. The controller 

7. 1. Controller concept 
As shown in Figure 5.1 in the introduetion of part 2, a general feed back control system has 
a process and a controller. In this case of a laser tracking system, two different situations, 
modes exist. Therefore the controller has to adapt to the situation at the appropriate 
moment. A solution is designing two controllers, one tor each situation and switch between 
them. 

-
Ooi 

~r----

~ Cr Ur 
,, + 

p -o-tracking 
process 

controller 

PSD 
sensor 
gain: Kr 

Figure 7.1 - Tracking controller concept 

The first task, mode, of the controller is the tracking task. The laser must follow movements 
of the Ooi by tilting the mirror. The feedback signal is the angle ditterenee between the Ooi 
and the laser beam, measured by the PSD. Keeping this ditterenee zero guaranties an exact 
hit of the laser beam at the Ooi. The controller task is to keep this ditterenee as small as 
possible at all times. 
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angle 
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Figure 7.2- Scanning controller concept 

The second task, mode, of the controller is the scanning task. Only when the returned beam 
by the retro reflector hits the PSD, the first task, tracking the Ooi can be performed. The task 
of the scanning controller is to generata a pattarn to scan the space in front of the LTS tor a 
retro reflector. When found, i.e. a hit of the returned beam on the PSD, the scanning 
controller has been successful. 

Aftar the retro reflector is found in the scanning mode, the scanning controller must be 
deactivated and the tracking controller activated. When the tracking controller tor any reason 
looses the laser spot on the PSD, a switch back to scanning mode must be made. 
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When integrating the two controllers, the tracking controller of Figure 7.1 and the scanning 
controller of Figure 7.2 into one system, this results in a system as depicted in Figure 7.3, a 
dual mode controller. A number of problems exists with this concept. 
The first is the selection criterion: when to switch between controllers? Switching has major 
implications on the feed back loop. 
The second problem is the memory effect in the process and the controller. Only a 
proportionaf controller and a process with proportionaf behaviour can change 
instantaneously. This limits the process and the controller to an unacceptable performance 
level, necessitating the search tor an optimised design. 

One very important observation must be made: the dynamics of both systems are the same, 
only the reference/disturbance changes. This implies that Cs and Cr can be the same as 
they operate on es or er. apart trom a gain. So the dual mode controller could be reduced to 
the concept in Figure 7 .4. 
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Using a shared controller reduces the problem of the memory effect in the process and the 
controller, aftar all only one system with the same memory is used. A remaining question is: 
how does the memorized information trom before the switch influence the system's 
behaviour aftar the switch? 

7.2. Switching criteria 
Concerning the mode switch, there are two questions: 

1. When to switch, what are the criteria? (boundary ( dashad square) in Figure 7.5) 
2. What happens at the switch moment? (green-red intersectien in Figure 7.5) 

With answers tothese questions, a switch procedure can be developed. 

Figure 7.5 - Switching criteria 

Ad. 1 - When to switch, what are the criteria? 
The first criterion: is there a laser spot on the PSD? lf not, there are two possible options. 
First option: the system is just initialized, the Ooi can be anywhere in the space in front of 
the LTS. 
Second option: the tracking controllerfeedback loop broke tor any reason. Depending on 
the speed and amplitude of the Ooi movements, there is a high probability that the current 
Ooi position is in the vicinity of the last known position of the Ooi. 

With the spot on the PSD, the question is whether it is preterred to switch directly to tracking 
mode, or to wait a moment. And if to wait, how long? Till the spot is at % from the centra? Or 
when it is at the centra? Or aftar one tens of a second? The optimal timing for the switch is 
determined using simulations (see next chapter). 

Ad. 2- What happens at the switch moment? 
In scanning mode, the scanning raferenee signal describes a certain scanning pattern. 
[Boogaards] suggests a spiral pattern, see section 7.4. The scanning controller compares 
this raferenee to the angle sensor signal. Given a good controller, the error signal will be 
small, but not zero. The error signal will fluctuate around zero. At the switching moment, 
there is a very small change that e5.5 will be zero, see Figure 7 .6. 
Aftar the switch, the controller input is connected to the tracking error signal er. Unless the 
beam passes the PSD centra and exactly at this moment the switchtook place, er.r will not 
be zero either. 
Thus, at the switching moment it is highly likely that the controller is supplied with a step of 
e5.5 - er.r. The controller reaction to this step will be very important. Likely overshoot will 
rasuit in a mirror motion which results in loosing the laser spot on the PSD. 
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Figure 7.6- Error signals at switch moment 

An approach to soften the effect of the es-s - &r-r step is to freeze the scanning angle at the 
moment of a PSD hit. ldeally, aftarsome overshoot and the laser spot has stoppad moving, 
the spot is somewhere fixed on the PSD. lf the switch to tracking mode is made now, the 
tracking controller can correct the tilt angle in such a way that the laser spot hits the PSD 
centra. 

sensitive area 

3 

PSD 

Figure 7.7 - Software extension of the PSD activa area 

Two problems remain which are not accounted for in this approach: noise and Ooi 
movement When the laser beam angle is frozen, but the Ooi moves, the angle ditterenee 
rp- rpRR will change and thus the position of the spot on the PSD, or worse, the spot moves 
off the PSD. When the spot is locked on the edge of the PSD due to noise in the system it 
seems to the controller that the spot continually changes between being on and off the PSD. 
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The standard approach would be switching to scanning mode at the moment the spot leaves 
the PSD, rasuiting in a frequent unwanted switch to scanning mode. 
This problem can be solved by extending the PSD sensitive area in software. This idea is 
depicted in Figure 7.7. When the spot moves off the PSD (position 2), the last known 
position is retained. The output of the PSD unit is frozen to this value and this information is 
supplied to the tracking controller. The controller keeps trying to move the spot to the PCD 
centre. After a period Llt the spot is still in position 2 or even in position 3 as far as the 
controller is aware off. The actual position is position 4. At the moment the spot re-enters the 
PSD (position 5) the controller receives the correct laser spot position and uses this 
information to direct the spot to the centre. 
lf the spot is just slightly of the PSD, this approach has a high change to succeed. lf the spot 
is not within the really active PSD area within a reasanabie time, the closed loop should be 
considered broken and a new search needs to start thus switching back to the scanning 
mode. 

This software extension method can be improved further by using more of the available 
information. 
The first impravement could be made by using the last known position and the speed of the 
moving spot to estimate an off PSD spot position. Assume that the spot leaves the PSD on 
point (5, 1) [PSD area position in mm] and at that moment it has a speed of 20 mm/s. lf the 
path is assumed a straight line via the origin, the position after 0.05s will be (10,2). This 
information is supplied to the controller and will cause a larger error er signal and results in 
larger (correction) torces of the mirror motors. 
The second impravement can be realised by using the laser spot path. The information of 
the laser spot path on the PSD can be recorded and be used to extrapolate an off PSD path. 

Another softening method is using a 'fuzzy' approach. With this approach the transfer will 
take place gradually. When the scanningsignalis phased out, the tracking signalis phased 
in. This can be done by multiplying the scanning error es with a deseending tunetion and the 
tracking error sending er with an ascending function. The sum of these functions should be 

one. Candidates are {fd = l- x (0 :5 x :51) and {fd = c_
08

2

2 

x (0 :5 x :5 ~) 
fa = X fa = Stn X 

where x is the fuzzy transfer varable. 
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Figure 7.8 - 'Fuzzy'-function 
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The first tunetion introduces still discontinuities on the switch on and off point. However, it is 
easy to implament and requires limited calculation power. The second tunetion has a smooth 
characteristic all over, but is less easy to implament and requires more process power. 
The x-axis, the fuzzy transfer variable, should be scaled to a transfer period. The scala used 
can be a certain time constant or a dependency of the e5.5 - er.r step. When the transfer 
time is too short, the switch will stilllook like a step and thus a discontinuity. When it is too 
long, the scanning controller will be too dominant and the laser spot will cross and leave the 
PSD before the tracking mode takes over. Freezing the scanning generator output prevents 
a fast deviation of the laser spot position from the capture area. 
Setting the fuzzy transfer time to a constant based on the speed of the laser beam passing 
the PSD, may improve performance, as that it can be guarantied that the switch has 
occurred before the spot passes half the PSD. 

7.3. Ooi dynamics 
In the presented controlloop in Figure 7.4 an additional problem is not accounted for: the 
dynamics of the Ooi. 

The feed back information provided by the PSD supplies the angle difference between the 
Ooi and the sent laser beam. As shown in Figure 6.8, distance information is not included, 
but necessary for high performance controL 

Figure 7.9- Ooi dynamics 

Figure 7.9 shows that ~x depends on the distance Land the angle ~<p. lt is the tracking 
contralier's task to minimise the ~x. The feedback information is ~<p. which is disrupted by 
the distance of the retro-reflector. Consequently, inthefeed back loop this needs to be 
corrected. This is achieved by multiplying the feed back information by XRR . 
The LRR information is only available if the laser beam hits the retro-reflector, as the 
interometer needs the reflected beam to calculate the distance. This should introduce no 
new problems, as this information is only needed in tracking mode. 

In Figure 7.10 the presented controller of Figure 7.4 is modified. Intheupper loop, the 
tracking loop, a gain correction factor of XRR is added. This controller contains al the 

ingredients needed to control the mirror angle. Upon this system the Simulink controller 
model is based. 
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Figure 7.10- Dual mode controller including compensation for Ooi dynamics 

7.4. Scanning mode reference; the pattern 
In scanning mode, various patterns can be used to find the retro-reflector. Desirabie would 
be a pattarn which finds the ratre-reflector in the shorted possible time. [Boogaards, chapter 
4] concludes that the best pattarn is a spiraL 

The proposed function to generata the spiral scan pattern: 

{
xscan :kt c~s(aJot) 
Yscan -kt sm(aJot) 

Within tro, = * the spiral describes one rotation. The radius increase !:u in ene rotatien is: 

{
X1ru: = k(t +trot )cos(m0 (t +trot))- kt cos(m0t) 

Yïnc = k(t + tro, )sin(m0 (t +trot))- kt sin(m0t) 
W0 (t + trot ) = W0 ~ + ~) = W0t + 21t 

{
x1ru: : k(t +trot )c~s(m0t )- ktc.os(m0t) ~kt rot ~os(m0t) 
Ytnc - k(t +trot )sm(m0t)- kt sm(m0t)- kt rot sm(m0t) 

l:ir =~X~+ Y:nc =kt rot = k.;: 



The PSD has an activa area of 1 Omm. The retro-reflector has a gain of 2, allowing a ~r of 
1 0/2=5mm. Now k can be calculated: 

Är = 0.005 = k lzL => k = 
0
·005mo 

cu. 27! 

The inputs of the scanning controller are laser beam angles. The Cartesian system 
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(x scan, Yscan) information has to be transformed to spherical angle information. Hereto first the 

Zscan information needs to be added. 
The LTS has to operate within a limited space in front of it. The maximum horizontal distance 
trom the LTS mirror centra, the global coordinate system centra, is Lp = maximum (Zool). At 
this maximum distance a virtual projection screen, a plane, is placed. On this 'screen', the 
scanning pattarn is drawn. The Zscan value for the scanning pattarn is Lp. 
The transformation used tor the retro-reflector position, can here be used too: 

'Pscan = arctan ~ = arctan ° = arctan -cos liJo! x ktcos(m t) (kt ( )J 
Zscan Zscan Lp 

Y ktsin(~'~lt) (kt ( )J 
Çscan = arctan ~ = arctan ""() = arctan LP sin mat 

Zscan Zscan 

To get an impression of the number of rotations: assume a cubical LTS workspace of 5 
meters. The diameter to scan is: 2.5.J2 = 3.54 [m]. Divided in 'rings' of 5mm, 708 rotations 
are needed. 

Constant scanning speed 
The previous scan equations arebasedon a constant frequency: within one rotation a 
complete 'circle' is drawn. With an increasing radius the circle outer diameter increases and 
thus the path length. This means that the draw speed must increase. This unwanted 
proparty has consequences for the controller switch logic. 

To implament a constant scanning speed tunetion (is constant draw speed), a scan spiral 
generator tunetion has to be derived based on a constant speed: v=c in stead of a scan 
position based on the current time. 

Spiral equation: 

{
x= ktcos(m0t) => {' = ~x2 + l =kt => 
y =kt sin(mot) r =mot 

Other spiral time distribution: 
d(yr) . . 
--=v=rr+yr 

dt 
. kv dr mo · mo · => -rr +-rr = v => rr=--=r-

k k 2m0 dt 
r 1 kv 

=> Jrdr = J--dt => 
o o 2mo 

1 2 kv 
-r =--t 
2 2m0 

k 
r=-r 

mo 
{J). 

r=-0 r 
k 

=> 

. k . 
r=-r 

mo 

. mo . 
r=~:r 



64 

~ r=vTl 

The constant speed spiral tunetion can be implemented using these two equations or by 
implamenting the differentiel equation: 

. kv 1 
r=---

2m0 r 

Figure 7.11 shows a Simulink implementation of this differentiel equation. 

Figure 7.11 - Simulink constant speed spiral generator 
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Figure 7.12- Constant-speed spiral 

Figure 7.12 shows a spiral drawn with this model; all coloured line pieces are equal in length 
and travelled in equal time. 
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7.5. Controller 
Previously a controller Hoo is designed by [Theunissen]. See tor design details as weighting 
filters, the [Theunissen] thesis. The original design was tor tracking mode only. With the 
there presented concept the controller is used tor both tracking and scanning mode. This will 
beatest of the robustness of the controller design. 

Controller transfer function: 
V V 

Hc (s) =....!!... = _p_ 
e"' e8 

3169s6 + 1.346·107 s5 + 2.917 ·1010 s4 +5.698·1013 s3 + 5.857 ·1016 s2 + 1.004·1019 s +4.035·1020 

= 
s1 +15755s6 +1.051·108s5 +3.982·1011 s4 +8.424·1014 s3 +1.29·1018 s2 +1.155·1021 s 
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Figure 7.13 - Controller Bode plot and Pole-Zero map 

Insection 6.2 two-process models are shown. The Controller-Process transfer is: 
First process (theoretica!): Hs,sys(s) = H c (s)H 5 (s) 

Second process (identified): Hr,sys(s) = Hç(s)Hr (s) 

• 0 
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8. Matlab Simulink simulations 
All simulations are performed with Matlab 5.3 and Simulink 3.0. All files are available at the 
project CD-ROM in the \Matlab directory. 

8. 1. Scanning pattern generator 
In the simulations the first suggested pattarn generator is used (constant time per rotation). 
The constant speed generator functions only in 'constant speed mode' when both axis are 
used simultaneously. In the one-axis simulations, as performed, a ramp tunetion would the 
preterred choice, basically. With a ramp tunetion the scanning mode frequency limit cannot 
determined. Also with the first pattarn generator different capture speedscan be analysed by 
selecting the capture moment. This is possible, as the moment of capture is known; the 
retro-reflector position is an input of the simulation. This implies a deterministic switch 
moment in contrast to a real Ooi. 

n 
llme StartTime ScanPattarn 

StartTime Generator 

Figure 8.1 - Scan Pattarn generator 

[!!] 
Enable 

StartTime 

a 
Sat Sep 28 21 :30:50 2002 

1.27 

CQ 
pattem 

Figure 8.2 - Scanning pattarn tunetion implementation 

Figure 8.1 and Figure 8.3 show the used Simulink implementation of the scanning pattarn 
generator. Tostart the pattarn on an arbitrary moment, selaetabie by an enable input, a 
'trick' with Simulink enable blocks had to be used. 
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Figure 8.3 - Scan Pattarn generator output 

8.2. Time delay switch /ogic 
The first approach to soften the switchover between modes is locking the scan generator 
output at dateetion of a light spot on the PSD. The switch itself takes place a short moment 
after the detection. 
This feature is implemented in two steps. The scan pattarn generator has an enable input. 
When disabling the scan pattarn generator, the output is frozen and thus supplying a 
constant value. When the OnPSD signal chances to active, this signal is delayed for a 
moment before activating the mode switch. 

;>:-------;:::1~-lllo{ aelec1 
e scanning 

Switch Signal 

~~~·~~ 
Rate Limiter Relay Switch 

e tracNng 

Figure 8.4 - Delayed Switch model 

8.3. Fuzzy switch logic 
The fuzzy switch logic is implemented using the sinus/cosinas multiplication functions, see 
section 7 .2. 

The Simulink model has 4 inputs: 
1. e tracking - Tracking signal input (from process feed back); 
2. TransferTime - The time period the fuzzy transfer takes place, time in seconds; 
3. ModeSelect - Binary input to select input from 'e tracking' or 'e scanning'; 
4. e scanning - Scanning signal input (from process feed back). 

The Simulink model has 1 output: 
1. e- Selected error signal with 'fuzzy' transfer 
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TransterTIme 

e scanning 

Figure 8.5 - lmplementation Fuzzy Switch 

Three simulations are carried out to demonstrata the fuzzy switch system. In the first 
si mulation the inputs are constant signals (DC) (Figure 8.6). The fuzzy transfer tunetion is 
shown clearly. In the second simuiatien the scanning input is a sinus and the tracking input is 
noise (Figure 8.7). The third simuiatien the inputs are a sinus of 4.5Hz, amplitude of 2 and a 
DC component of -1.1 and a block signalof 2.5Hz and an amplitude of 1 (Figure 8.8). 
The switch over from scanning to tracking takes place at 2.2s and back to scanning at 8.1 s 
(instantaneous switch over, thus nota 'fuzzy' transfer). The fuzzy transfer time is 3s. 

Output aignal e 

!_;t : : 2 : : : 1 : l 
0 1 2 3 ~signtie-tracki~ 7 8 9 10 

(f : : : : : : : : : l 
0 1 2 3 lrilut signaPe-scannifig 7 8 9 10 

rj · : : : : : : : : l 
IJ 1 : I ~~~"~-~'"'~ :I : j' 

0 1 2 3 4 5 6 7 8 9 10 
time 

Figure 8.6 - Fuzzy switch demo 1 
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Figure 8.7- Fuzzy Switch demo 2 
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Figure 8.8 - Fuzzy Switch demo 3 
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8.4. Standard switch over 
The first implementation of the switching controller is realized with a standard switch to 
select the error signal of the scanning or the tracking loop (see sectien 8.2). The OnPSD 
signal is used to trigger the switch over. Th is signal is highly variable; directly connecting the 
switch to this signal will causa violent switching between the modes and not serving our aim. 
To solve this, the switch over has to be smoothened. When the laser hits the PSD aftar a 
very short delay the switch to tracking mode is made. Only spikes are suppressed. Aftar 
losing the laser on the PSD, aftar a delay the controlloop is switched to scanning mode and 
the scanning pattarn generator starts. 

Retro-Reflector 
(politlon) 

ËB 
RRangle data aquhitlon 

Figure 8.9 - Simulink model of controller/process with standard switch over 

In this simuiatien the second process modelled by [Theunissen] is used. This processis the 
most stabie and is used to develop the Hoc-controller. This will give the best simuiatien 
results, as this is not a real challenge of the controller robustness. 

Legend 

status lines 
yellow - OnPSO si{1\81 

aftar smoothing 
dark blue - 1 = scanning mode 

o = tracking mode 
green - OnPSO signal 

signa! lines 
purple 1 - scanning raferenee 
purple 2 - retro reflector angle 
light blue - laser angle (output) 
yellow - error 
red - PSO signa! 

Figure 8.1 0 - Standard switch over with 50Hz scanning signal 
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Figure 8.10 shows a switch over with the standard switch. The scanning signa I is 50Hz and 
no noise is added. Notice the instability at the switching moment. Aftar the switch, the laser 
is almast directly continually captured on the PSD (green switch signa!). 

Legend 

status lines 
yellow - OnPSD signal 

aftar smoothing 
dark blue - 1 =scanning mode 

0 = traeking mode 
green - OnPSD signal 

signallines 
purple 1 - scanning raferenee 
purple 2 - retro reflector angle 
light blue -laser angle (output) 
yellow • error 
red • PSD slgnal 

Figure 8.11 - Standard switch over with distorted maasurement signal 

In Figure 8.11 the same system is used but noise is added ( P"oise = 1·10-7 [W] ). lt is not 
langer possible to keep the lasers captured on the PSD: the green OnPSD signal keeps 
changing and the PSD position signal (red) varies over the entire range. The tracking 
controller stays locked en keeps following the retro-reflector movements. 

Legend 

status lines 
yellow - OnPSD signal 

after smoothing 
dark blue - 1 = scanning mode 

0 = traeking mode 
green - OnPSD signal 

signallines 
purple 1 • scanning raferenee 
purple 2 - retro reflector angle 
light blue • laser angle (output) 
yellow • error 
red • PSD signal 

Figure 8.12 - Switch moment with noise; 1OHz scanning signal 

Figure 8.12 shows the switch over moment itself of the system in Figure 8.11 in more detail. 
The switch distartion is of minor importance: the noise/distortion dominatas completely. 

All simulations in this sectien were very gently with the actuator control levels; no saturation 
took place. 
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8.5. 'Fuzzy' switch over 
In this section the sameexperiment is performed as in the previous section, except the 
standard switch is replaced with the fuzzy switch, as described section in 8.3. The other 
conditions ware equal, the process, controller en the adjustable loop gains Kss and Ktt (both 
1.5). 

Retro-Reflector 
(poailion) AA angle 

~ 
data aqulliUon 

onloff PSD 
lignlli 

Figure 8.13 Figure 8.13 • Simulink model of controller/process with fuzzy switch 

Legend 

sta.tus lines 
yellow • OnPSD signa! 

aftar smoothing 
darl< blue - 1 = scanning mode 

0 = tracking mode 
green - QlPSD signal 

sianallines 
purple 1 - scanning raferenee 
purple 2 - retro reflector angle 
light blue - laser angle (output) 
yellow - error 
red - PSD signa! 

Figure 8.14 Fuzzy switch over with 1OOHz scanning signal 

Figure 8.14 shows a switch over with the fuzzy switch. The scanning signal is 1OOHz and no 
noise is added. With increasing scanning frequency, the output amplitude decreases. 
lncreasing the loop gain campensatas this. lncreasing loop gain and thus increasing speed 
can not be done without cost. At discontinuities the system gat more unstable (overshoot) 
and a higher demand is put on the actuator. 
Notice the fluid transfer at the switching moment. The output signal (blue) transfers smooth 
trom the scanning pattarn (purple) to the retro-reflector path (purple). 
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Legend 

status lines 
yellow - OnPSD signal 

after smoothing 
clark blue - 1 = scanning mode 

0 = tracking mode 
green - OnPSD signal 

siqnallines 
purple 1 - scanning raferenee 
purple 2 - retro reflector angle 
light blue - laser angle (output) 
yellow - error 
red - PSD signal 

Figure 8.15 - Fuzzy switch over with distorted maasurement slgnal 

In Figure 8.15 the same system is used but noise is added ( P"oise = 1·10-7 [W] ). lt is no 

longer possible to keep the lasers captured on the PSD: the green OnPSD signal keeps 
changing and the PSD position signal (red) varies over the entire range. The tracking 
controller stays locked en keeps following the retro-reflector movements. 

Legend 

status lines 
yellow - OnPSD signal 

aftar smoothing 
dark blue - 1 = scanning mode 

0 = tracking mode 
green - OnPSD signal 

signallines 
purple 1 - scanning raferenee 
purple 2 - retro reflector angle 
light blue - laser angle (output) 
yellow - error 
red - PSD signal 

Figure 8.16 - Switch moment with noise; 1OOHz scanning signal 

Figure 8.16 shows the switch over moment itself of the system in Figure 8.15 in more detail. 
The transfer is still very fluent (blue), even though in the fuzzy transfer period the signal to 
track (purple) makes a huge step. The transfer curve itself is disordered with noise. 

All simulations in this section ware very gently with the actuator control levels; no saturation 
took place. 

8.6. Maximum speed 
In the previous section it was shown that trackinga 100Hz sinusoidal raferenee signalis no 
problem. lncreasing the frequency further is possible as the useful range of the actuator in 
not used. Behaviour of jerky signals will dateriorata because the overshoot will increase. 



When the [Theunissen] processis replaced with the [Siots] process, the situation radically 
changes. All simulations in this sectien are performed with the [Siots] process. 

Legend 

status lines 
yellow - OnPSD signa! 

aftar smoothing 
dark blue - 1 = scanning mode 

0 = tracking mode 
green - OnPSD signa! 

signallines 
purple 1 - scanning raferenee 
purple 2 - retro reflector angle 
light blue - laser angle (output) 
yeUow - error 
red - PSD signa! 

Figure 8.17 - A strongly increased gain in scanning and tracking mode 

The yellow signal in Figure 8.17 shows the controller input signal, the error signal. This 
signal is much larger compared to the signals in the previous sections with the other 
process. The gain had to be drastically increased. The new gains are 350 for the tracking 
mode (Ktt) and 500 for the scanning mode (Kss). Both were 1.5. 

Legend 

status lines 
yellow - OnPSD signa! 

aftar smoothing 
dark blue - 1 = scanning mode 

0 = tracking mode 
green - OnPSD signal 

signallines 
purple 1 - scanning reference 
purple 2 - retro reflector angle 
light blue - laser angle (output) 
yellow - error 
red - PSD signa! 

Figure 8.18 - Scanning ant tracking speed on the limit 

Figure 8.19 - Actuator saturation 
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These gains allowed a scanning frequency of 20Hz and keeping in loek with a maximum 
noise power of P noise = 1·10-8 [W] . The system operatas on its limit, adding more noise and 

the tracking mode cannot stayin loek any Jonger. 

A salution can be increasing the gain further, but al ready actuator overflow takes place. With 
the actuator in saturation, it is also no Jonger possible to keep the tracking mode controller 
locked. Figure 8.19 shows the actuator overflow (no overflow gives a zero reading). 
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yellow - error 
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Figure 8.20 - Switch moment; scanning at 20 Hz 

At the first dateetion moment a transfer takes place (first falling edge of dark blue line). The 
controller can not loek the laser within the maximal transfer time and switches back to 
scanning mode (first rising edge of dark blue line). This eausas a large change, error, and 
results in a huge overflow of the actuator (see spike in Figure 8.19). A moment later the 
laser hits the PSD again and the second attempt is made (second falling edge of dark blue 
line) to cepture the laser beam, this time successful. 

Legend 

status lines 
yellow - OnPSD signa! 

aftar smoothing 
dark blue - 1 = scanning mode 

0 = traeking mode 
green - OnPSD signa! 

signallines 
purple 1 - scanning raferenee 
purple 2 - retro reflector angle 
light blue -laser angle (output) 
yellow - error 
red - PSD signa! 

Figure 8.21 - Tracking controller can not longer follow raferenee 

Wh en increasing the noise power further top rwlse = 1·1 o-7 [W 1 I it is not Jonger possible to loek 
the laser, see Figure 8.21. At moments the laser drifts away (light blue) from the raferenee 
(purple). At the moment the controller switches to the scanning mode (rising edge dark 
blue), the laser is pulled tothestarting position of the raferenee signal. On the way to zero, 



the laser 'meets' the raferenee and immediately switches back to tracking mode and 
continue following the reference. 

Figure 8.22 - Actuator saturation with excessive noise 
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With this high noise level, the actuator is almast continually heavily overilowed (Figure 8.22). 
A truly controlled situation is not langer the case. 



78 

9. General conclusions 

Part 1 - the angle and air-gap slgnal conditleners 
After analysing the initia! state of the electronics, which were in proto stage, it became clear 
that placing all electronics on a PCD would make a huge step forward in stability and 
accuracy. After analysing the design, redundant components were found. The schematics 
were redesigned eliminating parts of the previous design and modifying others. 
The resulted design is placed on one PCB. 
Testing of the functionality of the new design had just started, but due to the changes of the 
project aims set by the department, resources to develop and test the signal conditioners 
were no Jonger available. 

Part 2 - Process modelllng, swltching controller design and si mulation 
At first the optica! process was analysed and modelled. Th is involved choosing a coordinate 
system, braking down the laser path in sections, analysing the properties of the retro
reflector and the effects of it in the process. The rasuiting model was used in the simulations. 
An important proparty is the independenee of the retro-reflector distance with regard to the 
accuracy; the displacement information of the PSD does not contain any distance 
information. This information is necessary in the closed control loop. The interometer has to 
supply this information, additional to the position information for the output of the LTS. 

The LTS has to operate into two modes, the tracking and the scanning mode. Since the LTS 
uses for both modes the same process and thus the same dynamics, it had to be possible to 
use the samecontroller except from a gain. This proved to be right. Aselector (switch) was 
placed before the controller to choose between the appropriate error signals, depending on 
the mode. The switch itself introduces distortion in the system. At the moment of switching 
the two error signals are probably not equal and the switch results into a step input signal. 
With help of a fuzzy switch over, the switch was smoothened, which was successful in 
suppressing the step and thus the distortion. 

Two process models were used totest the system. The first processis an identified model, 
which was used to design the Hoo controller. This process functions well, it has a large 
bandwidth, high noise immunity and does not saturate the actuator. After replacing the 
process with the second theoretica! derived model with flexible modes, the bandwidth was 
reduced to 20Hz and the noise sensitivity was increased. The actuator had to perform 
maxim al. 
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Appendix A - Fourier series 

General [Termorche]: 
For f(t) perioctic with period Tand piecewise smooth on [-~T. Y2T], then: 

- . ~ . ~ 
f(t) = (t(f(t+) + f(t-))= LCn e1nw.t (-oo < t < oo) where en = t jf(T) e-JML\IT dT with W

0 
=-

- ~ T 

c n = I c n I e j;. and e-jnaJoT = cos(nWo T) - j sin(nwo T) 

Signal to transform: { ~ 0 ~ t < tT 

tT~t<T 

c = l. ~f e-inaJoT dT = _1_(1- e-JnaJoT'
2 J = _1_(1-( -1)n J = {0 (nis even,n '# 0) 

n T T • 2 • .....L.. { • dd) 
0 W0 Jn 7r Jn Jntr n lS o 

~ 
Co=iJd-r=t 

0 

- e j(2n+l)áJol 

t<r)=t+f,r I---
n=-- 2n + 1 

• For real signals: en = c_n 

Now: 

(t '# t mt (discontinuity points)) 

- 00 -

f(t) = :LcnejnáJol =Co+ 2Re :Lcne}náJol = LAn cos(nWot + 9>n) where: Ao =co, An = 2lcnl• 9>o = 0 
n=-- n=l n=O 

Thus, the given signal can be written as the following Fourier series: 
f(t) = t + ~cos(w0t) + f,;cos(3w0t) + f,;cos(5w0t) + .......... .. 

In graphical form it looks like this (for n=5): 

Foun.t..n.• 

For an amplitude symmetrical block signal, the tunetion changes. 

Signal to transform: {
+1 O~t <tT 

-1 tT~t<T 

The transform can be written as the following Fourier series: 
f(t) = fcos(w0t) + f,r cos(3w0t) + f,rcos(5w0t) + .......... .. 
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Appendix B - Butterworth filter calculation results 

Fourth order low pass Butterworth filter 

(Calculates ideal and practical values) 

Centra frequency: 2000 Hz 

First filter section: 
R1 = 8483 ohm 
A2 = 6221 ohm 
C1 = 12.000 nF 
C2 = 10.000 nF 

Second filter section: 
A11 = 4291 ohm 
A22 = 1800 ohm 
C11 = 82.000 nF 
C22 = 10.000 nF 

Practical values: 
Centra frequency first section: 2007.2678 Hz 
Centra frequency second section: 1997.7573 Hz 
A1 p = 8450 ohm 
A2p = 6200 ohm 
A11p = 4300 ohm 
A22p = 1800 ohm 
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Appendix C - Schematics of total sensor system 
In this appendix the complete schematics are listed which consistsof 5 parts i.e. sub sheets: 

1 . Air-gap interface; 
2. First angle sensor interface (AD698 in master mode); 
3. Secend angle sensor interface (AD698 in slave mode); 
4. Power supply; connector pin out; actuator wiring; 
5. Air-gap buffer; sensor connectors. 

The first digit of the component number rafers to the sub sheet number, thus R200 is resistor 
3 on sheet 2. 

The schematics are drawn with Ulticab of Electronic Workbench. 
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Appendix D - PCB design 
Th is appendix contains the PCB design for the LTS sensor interface (signal conditioners). 
The next pages contain: 

1. PCB component site; location of the components; 
2. PCB solder site; location of the connectors; 
3. PCB components site copper lay-out (ground plane); 
4. PCB solder site copper lay-out. 
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Abbreviations 

Abbreviation Exolanation 
AC Alternatino Current 
oe Direct Current 
EMC Electra Maonetic Compatibilitv 
EMI Electra Maanetic Interterenee 
IC lntearated Circuit 
LVDT Linear Variabie Differential Transfarmer 
Ooi Obieet of Interest 
op-amp Operational Amplifier 
PCB Printed Circuit Board 
PSD Position Sensina Detector 
RMS Root-Mean-Sauare 
RRC Retro Reflector Centre 
TCP Tooi Centre Point 
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