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Summary:

Galvoscanners are very fast and accurate electro-mechanical devices that are
used to angular position control of a given element. Today available torque and rotation
angle is limited, however new devices are developed rapidly and the situation is
constantly changing.

This paper presents new idea of galvoscanner position control that can be used
to various applications: target tracers, material processing machines or medical
imagers. Designed position control system has been build and verified with real
galvoscanners (LSK 040EF) proving that the ideas and used algorithms are correct.
Finally a special controlled power supply module have been added to drastically
improve electrical efficiency of the system. The power supply module also have been
build and verified in reality.

Presented control system has been designed with extensive use of computer
simulation and data visualization software. Author formulated functional mathematical
model of galvoscanner that was needed to perform accurate simulation. The model was
verified with real galvoscanner in steady state and in transients achieving very good
accuracy.

Additionally a special programming device (ICSP- In Circuit Serial
Programming) that have been designed during research is presented in appendix. This
device is used to reprogram ICSP capable ICs using ordinary PC computer. Designed
programmer is very universal and can be used to most of programmable ICs if only a
appropriate software driver is provided

Formulated model along with real control system is universal and can be used
with many different galvoscanners on the marked. Gathered experience and knowledge
will be very important for future authors work, in designing military marine electronics

systems.
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Streszczenie:

Galwoskanery sa  bardzo szybkimi 1 doktadnymi urzadzeniami
elektromechanicznymi shuzacymi do kontrolowania pozycji katowej danego elementu.
Obecnie osiagane katy obrotu 1 momenty obrotowe sa stosunkowo niewielkie, ale nowe
urzadzenia sa caty czas opracowywane i sytuacja stopniowo ulega poprawie.

Rozprawa prezentuje nowe metody sterowania pozycyjnego galwoskanerami,
ktore moga by¢ wykorzystane w wielu docelowych aplikacjach jak: uktady §ledzenia
celow, laserowe obrabiarki czy urzadzenia medyczne. System sterowania pozycyjnego
zostal zaprojektowany, wykonany 1 sprawdzony z rzeczywistymi galwoskanerami
(LSK 040EF) dowodzac, ze zastosowane idee i algorytmy sa poprawne. Dodatkowo
zaprojektowany zostal specjalny, sterowany modut zasilania, ktdry znacznie poprawit
sprawno$¢ energetyczna catego systemu. Modul ten zostal rowniez wykonany i
sprawdzony w rzeczywistosci.

Prezentowany system zaprojektowany zostat z wykorzystaniem symulacji
komputerowej 1 pakietow wizualizacyjnych. Autor sformulowal matematyczny model
funkcjonalny galwoskanera, ktory byt konieczny do przeprowadzenia symulacji. Model
ten zostal sprawdzony z rzeczywistym galwoskanerem zaréwno w stanach ustalonych
jak i dynamicznych osiagajac zatozona doktadnos¢.

Dodatkowo w zalaczniku przedstawiony zostat zaprojektowany specjalnie dla
celow badan programator ICSP (Programowanie Szeregowe Wewnatrz Uktadu).
Programator moze w tatwy sposob zmienia¢ ustawienia programowalnych elementow
scalonych, uzywajac jako zrédta danych zwyktego komputera PC. Programator zostat
tak pomyslany aby byt w stanie programowa¢ dowolne uklady, jezeli tylko jest
dostepny odpowiedni sterownik programowy (driver).

Sformutlowany model wraz z realnym system sterowania pozycyjnego sa
uniwersalne 1 moga by¢ uzyte do sterowania i symulacji dowolnych galwoskanerow
dostepnych na rynku. Zdobyte podczas pracy doswiadczenie bedzie bardzo cenne w
dalszej zawodowej pracy autora przy projektowaniu elektronicznych systemow dla

Marynarki Wojenne;j.
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Introduction

Galvoscanners are concurrently the fastest and the most accurate electro-
mechanical devices used to control rotation angle of a given element. Available power
and torque is limited now, but fast development of galvoscanners as well as control
systems for them might change this situation in near future. In the begging
galvoscanners use was limited to laser light shows and simple medical imagers,
however today they are used frequently in many different areas. Galvoscanner, also
called torque motor has two special properties over the entire working range [1], [2]:

1) Torque is proportional to the applied current
2) Torque is independent of the rotor displacement

Today main applications of galvoscanners are: Military (target tracking or
marking), Medical (laser-based BioMedical applications), Material processing (laser
marking, machining or drilling), Laser imaging (laser show or light show systems),
Semiconductor processing (micro-machining applications such as memory repair).

Galvoscanner are known for about 30 years, but unfortunately availability of
scientific publication or even detailed technical data-sheets is very limited.
Manufacturers treat galvoscanner and control systems parameters as top secret data,
further reducing general knowledge about this subject. During research author found
only a few schematics of very old position controllers and some main parameters of
galvoscanners. In fact the most helpful informations was found on non-commercial
web pages in forms of FAQs or system descriptions.

Unfortunately galvoscanners are still very expensive and very sensitive to
control system malfunctions. They and can be damaged in very short time just because
of badly tuned control system or even random electrical noise influencing control
loops.

Increasing importance of galvoscanners as well as almost total lack of scientific
publication about them forces author to start research work that is presented in this
paper. Because galvoscanners are extensively used in military applications, where
dedicated, application specific control system is required, this research would be very
useful for future author's work (author is a designer of marine military electronic
systems).

After collecting some available informations author decided split research work
to following sections:

1) Collect all available publications, technical data and other informations about

galvoscanners and controllers for them (Chapter 1)
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2)
3)
4)
S)

6)

7)
8)

Formulation mathematical models of galvoscanners that could be used to
simulate complete control system (Chapter 2.1, 2.2)

Measure parameters of galvoscanners used in research and create a
measurement procedure (Chapter 2.3, 2.4)

Verification of models (Chapter 2.5, 2.6)

Design and build laboratory control system for galvoscanners (Chapter 3)
Investigate power efficiency of the system, trying to increase it as much as
possible (Chapter 4)

Experimentally verify design ideas and real control system (Chapter 5)

Summarize results (Chapter 6)

To complete the research (especially points 2, 4 and 5) a special laboratory stand have

been created that consist of:

PC with real-time operation system and simulation/visualization software

ICSP devices programmer (designed by author) presented in Appendix 1

Measuring and data logging equipment

Low noise high-efficiency ZVS-CV power supply (designed by author)

Original achievements

)

2)

3)

4)

Formulation of the new control structure characterized by application of
position reference block cooperating with modified PID position controller and
dependence of supply amplifier voltage of position reference

Formulation and verification mathematical model of galvoscanner that can be
used for computer simulation of new control systems and position regulators.
On the basis of this mathematical model, a ngSpice version have also been
created and experimentally verified. Author haven't found any information
about galvoscanner's modeling in available literature.

Design and building of real, laboratory research galvoscanner control system
that enables to test variety control system configurations, and that could be
tuned for different galvoscanners and applications.

Modification, design and building of controlled ZVS-CV power supply for the
control system, that meets particular requrements. This supply reduce output
power amplifiers loses several times due to output voltage dependence of
position reference. Also EMI reduction has been achieved by special resonant

inductors that allows zero voltage switching in all modes of operation.
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1. Addressed problems, recent state of research

1.1. History of galvoscanners and technical background

In present technology quite common task is to control position, or rotation angle
of the given element. In the case of linear position movement, linear motors or standard
electrical motors with mechanical equipment are used. Usually control of rotation angle
is accomplished by electrical motors with encoders and regulators, but now in some
special applications by galvoscanners. Galvoscanners have some advantages over any
other devices, because of their short response time and very high accuracy. However
they are not suitable to drive heavy loads (large moment of inertia), but this drawback
might be reduced in short future.

The magnetic circuit for “moving iron” galvoscanner have been disclosed in a
United States Patent [2]:

Patented Nov. 22, 1949

2,488,734

Dynamo Transformer

Robert K. Mueller, Newton, Mass.
Application March 7, 1946

Figure 1.1.1. Dynamo transformer

from Patent 2,488,734
It shows the dynamo transformer (presented on

Figure 1.1.1) also called torque motor with two special properties over the working
range (10-20 degrees) [1], [2]:

3) Torque is proportional to applied current

4) Torque is independent of the rotor displacement
Presented galvoscanner consist of rotor made of magnetic iron (14) and stator (10) with
two electrically separated windings (16, 18) wound over the poles. Today “moving
iron” galvoscanners have similar construction to the “original one” - differences are
mainly in construction of poles, and using pernament magnets instead of double
windings. All this modifications allows better linearity and much greater torque
available from the device.

For very long time galvoscanner was only a “technical innovation” without any

practical use. The situation have changed when good and accurate position sensors and
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solid-state position controllers become available. Galvoscanner companies started to
integrate position sensors and some other control circuits directly into the device, and
produce dedicated controllers [3]. This made the technology more available to normal
users, but even now commercial systems are expensive and not enough universal. One
of the first really good commercial system - “Interscan” (for laser shows) was build in
1976 by General Scanning_Inc. and Inermedia_Systems Corp [4]. Total system costs,
the laser source with digital laser path controller were about 450008.

After a few successful applications of such systems galvoscanners was finally
found as a good solution to number of problems. Soon military and medical projects
(with very high budgets) effectively stimulate fast galvoscanners development,
especially miniaturization and improvements in control electronics. This reduce the
costs of commercial systems making them more available to normal users and
designers. However the prices are still high and companies don't give much technical
data with theirs systems. Today galvoscanners are known by many names: optical
scanner, galvanometer, galvo (slang), or simply scanner. In this publication we will
stick to “galvoscanner” as the most popular and widely known.

There are two types of galvoscanner control systems: open loop and closed
loop, each with many variants or modifications.

An overview of typical galvoscanner closed loop control system is shown on

Figure 1.1.2.

Galvoscanner

Position regulator

Input
- +
signal :D

Lc

Power Power
Current

reference amplifier ourput O
PID
Optional current
Position feedback Re
feedback
Power supply
Pos.
AC (=N =]
_' I—I det.
bc — Current mesauring

resistor

Figure 1.1.2. Typical closed-loop galvoscanner control system block diagram
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“Position regulator” is a low-level, closed loop subcircuit that detects and minimize
position error of the rotor. “Power amplifier” is a power circuit that powers the coils,
according to the signal from position regulator (sometimes performing a current control
as well). “Controller” is a full system consisting of position regulator, power amplifier
and possibly other circuits to suit the given application.

Open loop galvoscanner will always have some limitations, that are often
unacceptable for most of the applications. There are three main types of the open loop
galvoscanners:

9) ordinary open loop galvoscanners
10) resonant galvoscanners
11) torque motors

Open loop galvoscanners are very similar to normal devices, except that they
lack the position sensor.

Resonant galvoscanners are tuned to resonate at a given frequency, when fed
with adequate signal. Frequency of the input signal have to be fixed (equal to resonant
frequency), and by varying the amplitude we can change the peak to peak rotation
amplitude. Such devices have been used in “Interscan” projector to create special
effects.

Torque motors are simply electro-mechanical devices with fixed rotor (or with

very small rotor movement) that can create constant, well controlled torque.

1.2. Galvoscanners applications

Main applications of galvoscanners are:

1) Military — mostly in target tracking or marking. The system usually consist of a head
with the approximate position controlled in traditional way (with electrical motors
for example), and high speed and very high accuracy galvoscanner systems that
finally track the target. This dual system is needed because galvoscanners have
limited rotation angle.

2) Medical — laser-based BioMedical applications, galvoscanners offer the positioning
accuracy, speed, and size that are ideal for compact, system designs used in
dermatology, ophthalmology, confocal microscopy and analytical applications.

3) Material processing — laser marking, machining, drilling and welding systems have
achieved very high marking speeds and precise laser processing performance in
small and large beam diameter configurations using galvoscanners.

4) Laser imaging — laser show or light show systems for discotheques and public clubs.
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These sometimes does not have closed loop drivers and are usually made very
cheaply. However in this area very high accuracy or speed is usually not needed.

5) Semiconductor processing - micro-machining applications such as memory repair
and laser trimming, as well as mask and wafer inspection applications depend on
galvoscanners to consistently deliver very precise and stable positioning.

Most of these applications use galvoscanners to perform some kind of laser or light
path control by using mirrors. Others use them for precise tool manipulation or
positioning. This publication will concentrate on closed loop systems that are used in
most of the applications from target-tracking to material processing. In fact, almost all
closed-loop systems needs the fastest and the most accurate position control that is
possible.

Laser shows might not be the most important application of galvoscanners, but
the idea of controlling laser light path with two mirrors is very important because many
other devices works in very similar way.

Laser shows systems usually consist of high power visible laser (form 200 mW
in rooms to 4-10 W in open areas), and a path controller [5]. Such controller usually
drives three galvoscanners: first is used as a dimmer (beam interrupter), second and
third are used to control the beam path and have small mirror mounted on it's shaft.
Laser beam reflects from the second mirror to the third and then is directed to the
output window.

If galvoscanner's shafts (and thus the mirrors) are mounted perpendicularly. The
beam direction can be controlled in two dimensions, by turning the mirrors. If the
galvoscanners and their position controllers are fast enough it is possible to create
steady images on the screen, or with high power lasers even on clouds. Figure 1.2.1
shows recent path controller used in modern laser show equipment. Path of the laser
beam is marked with red line. We can see how the laser beam going out of the beam
interrupter, reflects from two constant mirrors, and finally reaches two control
galvoscanners mirrors which control output beam position.

The beam can be controlled in many different ways to produce the image, but
only two basic modes are used today. They are:

- raster scanning (Figure 1.2.2)

- vector scanning (Figure 1.2.3)

Each of them can be realized in two ways assigned respectively to case (a) and case

(b). In raster scanning laser beam travels over all possible points in the image area

(pixels) according to lines showed on Figure 1.2.2.
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Figure 1.2.1. Recent laser path controller with beam interrupter

At dark points of the image the beam is interrupted. The image is crated like in the TV
set. The only difference between case (a) and case (b) is the way that the beam goes. In
case (a) active lines are horizontal, while the others are blanked completely. In case (b)

all lines are used to display points of the image.

N —— e —— -
e — o] d
— = — .
— -_— e — — F
— T — "——
- = =
f— i — g o ) e E— W L o e T
— ———— b
b M’ ....... 1
2 - ;
et — .‘. 5
«
Figure 1.2.2. Raster scanning method Figure 1.2.3 Vector scanning method
for image projection for image projection

Raster scanning shown on Figure 1.2.2 case (a) does not require closed loop position
control, but require very fast beam interrupting system. Second way, case (b) is a bit
better because it can use laser power more effectively. This way also allows to use
resonant galvoscanners.

However taking into account that typical image created by the system has much
more dark areas, we can see the laser will be off most of the time. It means that even

very high power lasers will create dim images, and generally it is a waste of power. We
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should remember that high power lasers that not use laser diode bars can not be turned
on and off quickly. That's why usually beam interrupters are used instead of switching
the lasers.

In vector scanning laser beam goes through all bright points of the image area
according to specified algorithm. Generally the beam is stopped at bright points (case
a) or track bright lines at constant speed (case b). In both cases laser is interrupted
between two points or two lines and should move from one bright area to the other at
maximum speed.

Vector scanning can create images even without beam interrupter but needs
very fast and accurate closed loop position controllers for galvoscanners. As shown on
Figure 1.2.3 case (a), laser beam is controlled to stop on given points, or to track a
given line with approximate constant velocity all the time - case (b). Both of these
methods need different regulator settings to get best performance from the system.
Vector scanning are considered as standard for laser shows (ILDA), and there are even

special file formats for images, and test images for controller tuning.

1.3. Recent state and available publications

Galvoscanner are known in the industry for about 30 years, but unfortunately
casual user situation didn't change much in that time. Even if galvoscanners and their
electronics are improving, they are still not very popular and widely known. Essential
scientific and technical knowledge is carefully hidden by leading manufacturers. It is
caused by hard competition between them from one side and by growing importance of
the military applications from the other. Lack of accurate technical data and almost
total lack of scientific publications on this subject is meaningful trouble in research.
Companies usually sell their devices without much technical data, and with dedicated
controllers that can't be used with different brand galvoscanners.

Today only a few companies in the world actually produce galvoscanners. One
of the most innovative (and most expensive) galvoscanners are made by
Cambridge Technology [6]. General Scanning or LSK are known too. Figure 1.3.1
shows 6220hb “moving coil” device (measuring Scm in hight). Compare the size of
the mirror, to the size of galvoscanner itself. Such proportions (big mirror with small
galvoscanner) is possible only with moving-coil technology.

It is characteristic, that controllers needed by almost every system have similar
construction, and typically are dedicated for one, specified application only. Tunings

available for designer are limited, and sometimes even the procedure is not given in the
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manual. It is important that inappropriate controller, or badly tuned controller can
easily damage connected devices making all system useless. Even worse, such crashes

are very hard to track, and debug accurately.

Figure 1.3.1 Cambridge Technology 6220hb

moving coil galvoscanner

Companies almost never give the schematic or even accurate description of theirs
better position controllers, and sometimes all this devices seems to be “secret” because
of marketing considerations or military restrictions. System produced for commercial
applications are not suitable for research work.

Available technical info is limited to a few schematics of very old position
controllers, and some main parameters of galvoscanners. Manufacturers usually don't
want to even give full description of the product, stating that it is factory only data
useless for the customer. Some descriptions, schematics, and sometimes even FAQs
can be found on the Internet [5]. These articles are usually written by designers or
galvoscanner's specialists, and posted to discussion groups. However this publications
are hard to find and the noise on the discussion groups is very high. Some literature can
also be found on www pages like LaserFX [7], however it is usually devoted to laser

shows only, or ILDA specifications.

1.4. Area of interests

Main problem considered in this work is how to achieve good position control
quality and high efficiency of the whole galvoscanner system. Requirements of good
position control and high efficiency are important for further galvoscanner technology
development, especially for military applications, where equipment has to be reliable,

accurate and miniaturized. Unfortunately to get better position control properties
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higher dynamics of the controlled system is needed which worsen energy efficiency of
the whole galvoscanner system. The solution will be searched in control structure as
well in parameter optimization of its elements.

Figure 1.4.1 shows block diagram of the laboratory system designed by the
author, that will be used during research. Presented system is different from typical
ones used in the industry, but it is very well suited for research work. It can be used as
image projector (Chapter 1.2, point 4), for target tracking (point 1) and many more
other applications where precision control of position is required (points 2,3,5).
Different applications only change demands placed on different blocks, while the main
idea stays the same.

Conventional, two mirrors laser beam path controller was used as a
galvoscanners load, because it could be quickly realized in hardware. In fact it is laser
imaging device, that can produce very effective results when used with higher power
visible laser. Projected image quality is also an approximation of the system

performance (speed and accuracy).

Fower
supply
AC

220V ac

24V dc

DC

Programmable
position regulator

Regulator's Galvoscanner X
parameters and
structure setup

Lc
Programming ﬂ;wer C
device inp. D
PID 4 Rc

Position
feedback

= Current measuring
Programmable resistor ::
position regulator
Digital [ T
signal GalvoscannerY
processor
Digital +
Lc
data Power
o O
= Current Rc
Position feedback
feedback

= Current measuring
resistor

Figure 1.4.1 Block diagram of galvoscanner control system used during research

All of the blocks shown on Figure 1.4.1 were needed to create usable research
system, however for some applications they could be integrated in miniature, or
application specific integrated circuits. Of course image projection requires a specific,

dedicated to it tuning of control loops, usually different other applications. Generally in
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the research much attention have been paid to adjust and verify system parameters
caused by different demands which depends on given application.
All blocks presented on Figure 1.4.1 are described in more detail in following
chapters, now it will be given only the main idea of theirs function:
PC computer is used for changing parameters of programmable analog regulators,
preparing digital data for digital signal processor and overall control tasks (Chapter
3.2,3.3).
Programming device is connected to PC parallel port and outputs data using JTAG
interface that is used to program ICs in position regulators (Appendix 1).
Position regulators are fully programmable analog devices, that can be programmed
to any basic regulator (P, PI, PD, PID) and even to non standard or combined type.
For most research work, advanced analog regulator, with non standard
characteristic were used (Chapter 3.2)
Power amplifiers amplify the low level signal from position regulators, and also
serves as current regulators. Maximum output voltage is +/-24 V, with 4 A peak
current (Chapter 3.3 and 4.1).
Power supply converts 230 V AC line power to 24V DC, needed by power
amplifiers. This block is also controlled from DSP or PC to reduce the losses in
power amplifiers (Chapter 4.2).
Digital signal processor or PC is used to process digital data before it is actually
send to D/A converters, and then to position regulators. By this processing it is
possible to reduce response time of galvoscanners and increase accuracy of the

system (Chapter 3.2).

Thesis of research work:

Using digitally formed position reference signal and reference supply voltage
signal depended on predicted time voltage curve based on position reference signal,
enables to achieve required position control quality and high power efficiency of

galvoscanner control system.
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L.5. Galvoscanner construction and theory of operation

Today galvoscanners come in a few different types, but only two of them are
relevant. These are “moving iron”, and “moving coil” constructions. Other were
“moving magnet”, or combination of the basic types, however they don't gain approval
because of inferior performance and other problems. “Moving iron” and “moving coil”
galvoscanners have simple mechanical construction, and can be made with very high
tolerances, what greatly improve response time and accuracy. Position controllers for
these two types also have similar structure, but have to be tuned differently.

Author also found out that in old recorders (with ink pens) often use
galvoscanners. Those devices were similar in construction to the “moving coil” type,
however the details are different. The devices tested by author was able to achieve
about 2ms step response time, and needed about +/- 50 V power supply to achieve it.
Maximum coil currents have been estimated to about 4 A. They were about 4 to 5 times

greater then LSK devices used in this research work.

1.5.1. Moving iron galvoscanner

Because of lower costs and better availability “moving iron” galvoscanner is
concurrently the most popular. For example General Scanning G-120DT galvoscanner
is shown on Figure 1.5.1.1 below [3]. This scanner is well know from quite long time,
and it is often used as a reference to compare other devices. It's parameters however,
are not very good in today standards. Device presented on the figure has average sized
mirror mounted on the shaft and rather complicated connector. There is no common
standard defining such connectors and almost every company uses it's own one so
quick substitution of different brand galvoscanners is not possible. Normally there are 5
to 7 pins needed to control galvoscanner in close loop mode:

1, 2) Main coil

3, 4) Position sensor power supply

4, 5) Differential position sensor output

6, 7) Optional temperature sensor
It should be noted that this is probably the first really popular device with

parameters, that are good enough for most of the tasks. It is also rather robust (in the

galvoscanner's standards) and usually long lived. Many of these devices can be found
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on surplus marked today, however they are still harder to find then one could expect.
Also almost every company that makes galvoscanners have some of this kind in the
offer.

Internal parts of moving iron galvoscanner are shown on Figure 1.5.1.2.

Figure 1.5.1.1 General_Scanning GD-100PD

galvoscanner outlook Figure 1.5.1.2. GD-
100PD internal parts

Galvoscanner from Figure 1.5.1.2 consist of:
1. - Alnico magnet
2. - Stator laminations
3. - Plastic spacer

4. - Position detector board
5. - Hub %" diameter

6. - Oscillator board

7. - Ferrite transformer

8. - Rotor

9. - Lower bearing

10.- Solder joint

11.- Torsion bar

12.- Sleeve
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Both rotor and stator laminations are made form soft magnetic iron. Stator is
sometimes made of isolated plates like transformer core to reduce losses. Coils are
wound over the two stator poles, as shown on Figure 1.5.1.3. The torsion bar is needed
to electrically ground the rotor and also to bring it back to the neutral positions when
the device is off. If the coils are unenergized, rotor is kept in neutral position by the

magnets and torsion bar.

Figure 1.5.1.3 Moving iron

Figure 1.5.1.4 Moving iron

galvoscanner - rotor in neutral .
galvoscanner - rotor displaced

position (coils off) (coils energized)

When current flows throw the coils, rotor align itself with stator poles as shown
on Figure 1.5.1.4 below. The operation is quite similar to the “variable reluctance”
stepper motor. The main difference is that galvoscanner is optimized to work with very
small rotation angles, and has only one phase.

It should be noted the rotor torque is constant and proportional to the coils
current and its direction over all available working angle. Such galvoscanners are very
robust because they don't need any moving connections, or rubbing elements. Only part
susceptible to breakage is torsion bar. Because the coils are wound over the stator, it is
easy to remove heat from them, so the scanner can operate with very high speeds and
loads without the danger of overheating. The iron rotor is has large mass and it limits
the maximal attainable galvoscanner speed. Also the torque is lower then in the

“moving coil” galvoscanner at similar current.

1.5.2. Moving coil galvoscanner

Moving coil galvoscanner (shown on Figure 1.5.2.1) is completely different

from “moving iron” type. It consist of pernament magnets, that form a magnetic field
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similar to that created in DC motors [6]. The rotor is formed form single, very stiff coil

that is mounted inside this field.

Magne
Rotor shaft
Rotor
Rotatlng coil displacement

Figure 1.5.2.1 “Moving coil”

galvoscanner block diagram

In general this galvoscanner operates similarly to the DC motor without a commutator.
The coil is connected by flexible wires not by brushes, and it has only a few turns.
There is no working iron in the rotor so it is much lighter then the rotor in “moving
iron” type. Very strong magnetic field created by magnets enables this galvoscanner to
produce high torques.

Some problems with this galvoscanner arises from connections between coil
and input terminals — because they have to survive very fast and frequent moves. Also
the coil construction is endangered to high temperature and forces during operation.
This type of galvoscanners are not as robust as “moving iron”. They must be used with
very precise and reliable controllers, because they can be destroyed very easy. If the
maximum rotation angle is exceeded the torsion bar and coil connections can be broken
making the device useless. The rotor coil have small thermal constant and is sensitive
to overheating, even if maximum peak current is never exceeded. Good controllers for
“moving coil” scanners usually have a few different protection circuits, and sometimes
even a thermal model of the scanner’s coil to prevent overheating.

Both types usually have a torsion bar mounted between rotor and stator. This
bar is generally thin, elastic metal wire (similar to high tone piano string), that serve
two functions. It centers the rotor during turn off, and it provide grounding for it.
Presence of torsion bar also cause, that constant current is needed to keep position that
is out of neutral because it works as a spring. It also prevents the rotor from exceeding
maximum rotation angles, what is very important especially in “moving coil”

galvoscanners.
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Closed loop scanners always have an integrated position sensor mounted

directly on the rotor. Such sensor is typically capacitive type, that outputs two

differential current signals, that are proportional to the rotor angle. The accuracy of the

position detector is very important because in many application there is only position

feedback. Today there are scanners that have position detectors working with micro-

radian accuracy (0.01% of full scale), and with response time in micro seconds range.

1.5.3. Modes of operation

Both “moving iron” and “moving coil” galvoscanners can be used in three

different modes of operation. Each mode requires slight modifications of the

galvoscanner construction, but the main electromagnetic system stays the same [8]. The

modes are:

Closed loop operation (Figure 1.5.3.1) — very fast and accurate, but need position
sensor and special controller. Galvoscanners don't need a torsion bar, but it is always
mounted to serve as a electrical rotor grounding, and to center the rotor in the case
of input signal lack. This mode is the most complicated and used in high-end (the
highest performance) systems.

Open loop operation (Figure 1.5.3.2) — torsion bar has to have well defined
parameters, but position detector and closed loop driver is not required. This mode is
used in less demanding applications. Approximate position is controlled by the value
of input current.

Resonant operation (Figure 1.5.3.3) — the rotor mas and torsion bar stiffness is
controlled during the production, to achieve given mechanical resonance frequency.
Such galvoscanner can by driven by very simple driver that only outputs desired
frequency, as a sine or square wave signal. Because of the mechanical resonance
rotor angle is always changing sinusoidally. This mode is limited to raster scanning

applications and not widely used today.

Position regulatorand ~ Galvoscanner . Galvoscanner Galvoscanner

. Driver and ith torision b L

power amplifier Ith torision bar . with torision bar
power amp Driver and

Lc
Input Input Lc power amp
swgnal’ + signaI} + Input Le
_ signal AVAN
> = AU @-Q
pe

Rc L Re / Rotor witr

constantload

Position feedback

Figure 1.5.3.1 Closed Figure 1.5.3.2 Open loop Figure 1.5.3.3 Resonant

loop operation mode operation mode operation mode
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In fact closed loop mode can be used to all applications, while other modes are
typically dedicated to only one. Closed loop controller can also be tuned to suit
different scanners with different loads, what is completely impossible with other
controllers. Following research will concentrate on closed loop mode, that surly will be
the most important in currently developed applications.

The choice of galvoscanner itself is more complicated because there many
different types on the market designed with different applications in mind. For example
a device for material processing needs very accurate position sensor and must be able
to move large mirror, while speed is secondary concern. On the other hand target
tracking application don't need very high accuracy of position sensors (because
feedback must be taken form camera that sees the target) but high speed is a must. The
prize might also be a problem for developers with limited budgets.

For this research author chooses LSK moving iron, closed loop galvoscanners
because they are originates form Europe, have good parameters (as for moving iron

galvoscanners) and have affordable prize.
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2. Formulation and verification of mathematical models
of galvoscanner

2.1. Choosing of the simulation model and environment

Galvoscanner is a complicated object with nonlinearities and some very special
and uncommon properties strongly depended on construction details being
technological know how of the manufacturers. These “features” make modeling and
simulation a difficult task, especially if the models have to be accurate. It is difficult to
find anything about scanner simulation in the available literature and in Internet too.
Manufacturers rarely use simulation to design their drivers - they can bear one or more
destroyed devices during testing. A casual user is not able to do so at all. Then accurate
models and good simulation environment is very important. Main reason is that a
mistake that could be easily found during simulation can destroy the galvoscanner.
Also it is obvious that to change the configuration of the driver is much simpler to do
on the PC screen then in the real world.

Because of complicated construction and lack of detailed mechanical
parameters it is very hard (or even impossible) to create accurate mathematical model
of galvoscanner. Fringing flux, magnetic permeability of stator core and rotor or
internal parts dimensions are not know — to measure these parameters it would be
necessary destructively disassemble the device. In this situation author had following
possibilities:

6) try to formulate and verify exact model based on general physical laws
7) try to formulate and verify simplified functional model
8) to resign of model formulation, to resign of simulation research and limit to

experimental research verifying theoretical considerations.

The first possibility is the best one, but exceeds assumed limits of the work. The third
possibility could be expensive, as it was mentioned above and not necessary the
shorties way to get satisfying final result, So author decided to follow the way

implicating from the second possibility.

2.1.1. Simulation environment

Modeling electro-mechanical objects like galvoscanners can be done with
Spice, Scilab [9], Matlab [10] or others. Every such simulation tool has its own

limitations. In galvoscanner's case is important to take into considerations detailed
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dynamic and static properties of electronic devices applied in the control system. It is
caused by relatively high galvoscanner dynamics and specific operation its control and
supply devices.

For example real output power amplifier behaves differently when load is
heavy, then it would without load. Maximum output voltage swing is other thing that
should not be forgotten. Even worse — output voltage is normally depended on the
current in real world. Such interactions are usually nonlinear and very hard to
accurately simulate with high-level equation orientated programs like Matlab or Scilab.
On the other hand such problems virtually does not exist when using ngSpice with real
(not behavioral) semiconductor models.

Electric circuit simulation program (like ngSpice or similar) seems to be the
best choice for low-level amplifier and position regulator testing. NgSpice is not able to
model mechanical systems directly, what is needed for galvoscanner model. Shaft, load
or torsion bar are mechanical parts that can not be ignored. The best solution is using of

well known electro — mechanical analogies. Table 1 will summarize them.

Table 1. Electro-mechanical analogies.

Electrical variable @~ Mechanical equivalent Electrical unit  Mechanical unit

[S1] [S1]

Voltage Rotation speed [V ] [ rad |

s
Current Torque [A4] [ N-m]
Capacitor C Inertia [ F] [kg-m’
Inductor L Spring |H | [ N-m ]

rad

Resistor R Dynamic friction | Q] [ N-m-s |

rad
Voltage source Rotation at constant [V | [ rad ]

fixed speed o

Current source Constant torque load [A4] [ N-m)|

It can be seen, that it is possible to simulate almost all mechanical parts using
ordinary electrical elements. It is only a matter of interpretation of the results. Of
course all parameters in SI units have to be provided, what can be sometimes

problematic and prone to errors.
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2.2. Formulation of galvoscanner simulation models

2.2.1. Mathematical model of the galvoscanner — differential move
equations

Galvoscanner is a quite complicated device, that is hard to accurately describe
in mathematical terms. Magnetic circuit is complex (refer to Chapter 1), and
manufacturers rarely give any detailed data to the user. Accurate dimensions, magnetic
properties of rotor and stator materials, number of turn in the coils and so on are simply
not known by the user. Some of this information could be gathered by (destructive)
disassembly of the galvoscanner, but some would still be problematic.

In available literature and even in Internet there are not any descriptions of
mathematical models (basing on electro-mechanical devices theory) that would take
into account complicated distribution of magnetic fields in the galvoscanner. There are
even no examples of and any other models of galvoscanners, that could be helpful
during research. Because of these reasons author decided to create functional
galvoscanner model basing on physical characteristics of the device. Galvoscanners are
build on the basics of the “dynamo transformer” [2], and theirs main properties are
summarized below [1]:

- Torque is linearly proportional to the applied currents
- Torque is substantially constant over the range of the motion (+/-10 to +/-20
degrees maximum typically) for which fringing effects are negligible
- Torque produced by the current will rotate the rotor until it is balanced by the
opposing torque of the torsion bar and/or load
For more detailed discussion on construction and theory of operation please refer to
Chapter 1.
Basing on these properties differential equations can be formulated for the

galvoscanner's state variables:

T ,=TRC-1.(t)

dwl(t)
TE—(TTB—i-TFR):RIN-T

Uc(t)ZCR-IC(t)+CL~dIC(t)

+BEM -w(t)
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where:

_ dPos(t)

T ;3= KTR-Pos
T mp=FR-w(t)

Electrical torque (created by coils)
Torsion bar torque

Mechanical friction torque

Coils current

Coils DC resistance and inductance
Back Electromotive force

Torque constant

Torsion bar constant

Mechanical friction constant

Rotor angular velocity

Rotor position

It can be seen that galvoscanner equations are similar to the pernament magnet DC

motor, except the torsion bar torque. If the rotor excursion is below it's maximum the

system is highly linear and it is possible to apply Laplace transform to it.

Transformation of the previous equations let us write:

substituting for

PHD main, Michael Widlok

T ,(s)=TRC-I.(s)

RIN'w(S):TE(S)_[TTB“)"'TFR(S)}

Ty, and T

RIN-w(s)=T(s)—|KTR- Pos(s)+ FR-w(s)]

Uq(s)—w(s) BEM

ICL(S):

CR-

w(s)=s-Pos

1+s-—

CL
RL
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2.2.2. Galvoscanner model block diagram and transmittance

Using equations from previous chapter block diagram of the galvoscanner
model (Figure 2.2.2.1) can be created. It is assumed that the input signal is voltage
applied to the coil, and output is rotor position (excursion angle). It is also possible to

watch rotor angular velocity and coils current.

H3(s)
TG KTR }e
FR
Uc(s) 1 ]ils) 1 fwis) J1 | [Posis)
CR*(1+s*(CL/RL)) " RIN*s 1 s "
H1(s)
BEM }e

Figure 2.2.2.1. Block diagram of the galvoscanner mathematical model

Using this diagram the model's transmittance can be created. Reduction of blocks G3(s)
and H2(s) to G5(s) gives:

w(s) G3(s)

G5(S):TE(S):1+H2(s)-63(s)

After substitution for G3 and H2:

Further reducing blocks G5(s), G4(s) and H3(s):

wis) Gl
T,(s) 1+H3(s)G4(s)-G5(s)

G6(s)=

Note that transmittance G6(s) is still for . It is required because this signal is still used

in the model (as feedback from BEM). Again substituting real parameters:
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w(s) 1

|4 RIN ¢
FR

JrKTR-l

N

FR-

Finally complete model input transmittance can be computed:

w(s) G1(s) G2(s) G6(s

O G (s) " T+ HI(5)-G1(s)-G2(s) G 3]

Substitution for real model parameters will yield to 3'th order transmittance:

_ BEM -(CR-KTR+(CR-FR +KTR-TE)-s+(CR-TM + TE-CR)-s’+TM -TE-CR-s’) + TRC

Gw(s
(s) (CR-KTR+(CR-FR+ KTR-TE)-s+(CR-TM + TE~CR)-s2~I— TM-TE-CR ~s3)

The model have been simulated with Matlab/Simulink. Figure 2.2.2.2 shows
Simulink block diagram of the presented model. Simulink model have been used to

verify model behavior (comparing it to real device) and to verify ngSpice model

presented below.
N O O N
In[v]1 wirad/s]
| Ut ! Tl > U] bgs PD
0.0018s+2.3 g g
Step oL CR RIN 81mil Integrator Integratard pos{rad]
003 0oo
BEM FR
047
KTR

Figure 2.2.2.2. Galvoscanner model implemented as Simulink block diagram

Designing of the real regulator require using of circuit orientated simulator like
ngSpice. It was needed for power amplifier, power supply and other circuits design.
NgSpice have huge library of transistor, operational amplifiers and other components,
so it is possible to create a very accurate model of the full electrical circuit. Fortunately

it is possible to implement mathematical model from Figure 2.2.2.2 as ngSpise net list.

PHD main, Michael Widlok page 27 of 106



2.2.3. NgSpice implementation of the galvoscanner model

NgSpice is a Linux version of very popular Spice circuit simulator [11]. The
main idea was to create model that will precisely follow mathematical model created
before and let's quickly test many different control methods and check given regulator
for (galvoscanner) safety. The model is supposed to determine if wrong tuning or some
other errors in real circuit do not cause destruction of the real object. It would be very
useful if the accuracy of the simulation will allow pre-setting the position regulator.

Fortunately in ngSpice it is possible to model all “parts” of the galvoscanner
separately. This method allow to check what is happening “inside” the device and also
ensure that the model will be realistic load for the power amplifier that powers it.
Galvoscanner can be broken into four main parts:

- Stator coil
- Rotor with its inertia, torsion bar and friction
«  Shaft load — mirror for example

- Position detector

In fact position detec