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ABSTRACT

The use of lasers in industrial and research applications has increased
dramatically throughout the world in the past decade. In order to derive maximum
benefit from the new generation of lasers, with improved power and processing
capabilities, it is necessary to maintain output beam parameters at optimal levels.  As
the coniplexity of these lasers increase, more effort must be placed on the design of
automated systems, which relieve the operator from performing many laborious and
intricate control adjustments. Such systems must be capable of monitoring the laser’s
output beam without interfering with the application, and generating the necessary
control actions to stabilize the desired beam parameters.

An on-line, real-time vision-based system has been developed for automatic
beam control and power stabilization of a high power CO, laser. This feedback
control system continually analyzes the cross-sectional profile of a sample of the
laser's output beam and utilizes the intensity information present in this image to
servo-regulate the resonator cavity optics and the excitation level of the discharge.
Beam uniformity and the direction of beam propagation are maintained by adjusting
the primary and secondary resonator optics respectively. The far-infrared CO, laser
output is converted to the visible range via a thermoluminescent viewing screen,
thereby enabling beam supervision with the use of a standard video camera, frame
grabber, and microcomputer. Also incorporated into the system is an automatically
controlled, variable coupling percentage reflective wand (for beam sampling), which
ensures infrared sensor operation within its optimal dynamic range.

The technique stabilizes the average laser output power to within 4%, while
maintaining the best output power distribution achievable by the particular laser. In
addition, beam steering effects are significantly reduced by restricting the direction of

beam propagation to within 60 prad of the desired setpoint. The variable sampling



percentage system permits laser operation with on-line power variations from 1 to
10 kW. These results indicate that the system considerably improves laser
performance by maximizing beam uniformity, minimizing beam steering, and
stabilizing total output power. This ensures the degree of consistency and
repeatability in the output beam pararneters that are essential to precision laser
applications. Control system design also provides valuable diagnostic information
pertaining to output beam quality, such as intensity and energy profiles, which may

be monitored simultaneously or stored for off-line analysis.
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CHAPTER 1

INTRODUCTION

Since the invention of the ruby laser in 1960 by Maiman,' lasers have
assumed a dominant role in both industrial and research applications. With the
discovery of new types of lasers, the scope of laser applications has expanded to
include a wide range of fields, from communications and medical surgery to metal
processing and nuclear fusion. This remarkable market development has arisen trom
the fact that lasers can be implemented into a variety of industrial environments in a
cost-effective and automated manner.

The introduction of the carbon dioxide laser by Patel in 1964,> has
dramatically increased the feasibility of utilizing lasers in many areas of industrial
material processing.4'7 The CO, laser is currently the most popular for material
processing applications, such as welding, cutting, cladding, heat treating, and surface
harde:ning,s'll since it is capable of high average powers at multikilowatt levels, with
relatively high efficiencies (15% to 25 %).1?"13 Industrial quality CO, lasers capable
of output powers exceeding 25 kW have been deveioped,14 while construction of
those with powers of up to 100 kW are under irwestigation.15 Future developments
may resuit in other types of gas and solid state lasers achieving these high power
levels, thereby widening the scope for laser applications.16

In order to properly implement these high power lasers in industry and

perform at maximum efficiency, the quality of the output beam must be sufficiently
maintained.!”'®  In material processing applications, the process is ecxtremely
dependent on the output beam parameters of the laser. Thus, to avoid substandard

processing of materials, it is essential to regulate the output beam at a consistent and
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optimal power level, with a uniform power distribution across its profile.

Preserving this beam quality at high power levels for extended periods of
operation has proven to be a non-trivial task. Unfortunately, lasers having sufficient
power to permit significant material processing are characterized by large physical
size, complexity, and extreme variability in their operational features. Excessive
heating of the laser optics and mountings causes distort‘on and misalignment of the
resonator, resulting in a non-uniform, poor quality output beam. Although this
hurdle can be eliminated to a certain extent by the implementation of various
“passive” systems and methods, such as the use of thermally stable optical benches
and adequate cooling of the optics, it cannot be prevented completely. Consequently,
it is usually impractical to engineer these systems with inherent mode and power
stability. Coittinuous monitoring and external control of the laser’'s resonator and
optics by a human operator is required to generate a uniform output beam and
froilitate long-term operation at optimum levels. A more effective approach would
2ntqil replacing the operator with a completely automated supervisory system, having
a sufficient degree of sensory capability and decision making ability to provide the
necessary control functions for obtaining results with high degrees of quality and
consistency.

In addition to drifts in alignment, the output power level may fluctuate due to
changes in properties of the gain medium (for example, variations in temperature and
gas chemistry in a CO, laser). This couid produce detrimental effects on a material
processing application sensitive to the output power level, such as a defective weld or
incomplete cut. As a result, an automated system which incorporates both output
power stabilization and mode control would significantly increase the performance of
any laser system.

The focus of this research is the development of a vision-based system suitable

for analysing the laser's output beam and instigating the required control actions to
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maintain the desired mode quality, bean position, and output power. By
continuously preserving the optimal beam parameters, such an expert feedback
control system would ensure laser operation at maximum efficiency, fostering
superior and reproducible material processing at accelerated rates. Although this
study utilizes a high power CO, laser to evaluate the performance of this vision-based

system, the principles and methods involved can be extended for use with all types of

lasers.

1.1 Principles of Laser Operation

The laser (an acronym for Light Amplification by Stimulated Emission of
Radiation) utilizes the fact that an atom in an upper energy state makes a transition to
a lower state if it interacts with a photon having an energy equal to the energy
difference between the two states. The result of this transition is the release of a
second photon which is coherent (equal to in phase and frequency) to the incident
photon. For this process of stimulated emission to dominate, the population of atoms
in the upper state must exceed that of the lower. Under normal equilibrium
conditions, such a population inversion does not exist. Thus, any type of gain
medium utilized within a laser, requires a suitable pumping mechanism to achieve
this necessary population inversion. '

A general schematic diagram of a laser is depicted in Fig. 1.1.  Upon
establishment of a population inversion, spontaneous emission occurs randomly in all
directions. Most of the emissions are lost since they propagate in directions away
from the laser cavity. However, the relatively small amount of radiation which
propagates perpendicular to the mirrors of the cavity, provides an origin for
stimulated emission, and is coherently amplified as it repeatedly passes through the
gain medium. Providing the gain of the medium is adequate to compensate for the

losses in the cavity, the resulting oscillation perpetuates, and a suitable percentage of
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the energy (usually less than 10%) may be extracted through a partially transmissive
mirror. Since the lasing process depletes the population of the upper energy state,
oscillations may be possible on continuous (CW) or pulsed basis, depending on the

properties of the gain medium and the pumping scheme.?

Pumping mechanism
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Fig. 1.1. Schematic diagram of a laser system.

1.2 Characteristics of Laser Resonators

The losses within the laser cavity and the uniformity of the output beam are
extremely sensitive to the alignment of the resonator mirrors. A slight deviation of
the two mirrors from their mutually paralleled state may result in a part of the
reflected beam straying outside the bounds of the resonator cavity, causing excessive
losses and an inability to attain oscillation. Once the lasing process is established,
thermal gradients can cause physical distortions to the optical surfaces and mounts, as
well as aberrations within the gas media itself. These distortions are sufficient to
produce a misalignment of the resonator, contributing to output mode and beam
uniformity deterioration, and beam steering.

Most modern laser systems do not employ the simplistic, flat-mirror,
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Fabry-Perot resonators, since they are generally troublesome to align and experience
high diffraction losses. Instead, the radii of curvature of the mirrors are moditiced to
achieve various desired operating characteristics. These curvatures are used to
categorize resonators into two main groups - stable and unstable. Stable resonators
typically have low losses and are suitable for lasers with low gain coefficients.
However, their associated lowest order modes do not interact with a large volume of
the gain medium, yielding poor mode filling factors. On the contrary, unstable

resonators posses large mode filling factors and are relatively more insensitive to

1

misalignment of the cavity.2 The basic parameters used to characterize a given

resonator as stable or unstable are its length and the radii of curvature of its mirrors,
as described in Fig. 1.2. Based on these dimensions, the cavity parameters, g, and

&>, may be computed as follows:

L
=]1-— 1.1
&1 R (1.h)
L
=] - — 1.2
82 R (1.2)

The required condition for resonator stability is given by:

0<gsg <1

(1.3)

—

N

[

- _L -

Fig. 1.2. Basic laser resonator parameters.



High power laser systems generally cannot utilize partially transmissive optics
due to the enormous thermal loads placed on them. Consequently, totally reflective
optics, fabricated with metals and water-cooling, are employed. In order to extract 2
beam from such a resonator, one of the mirrors is made convex (negative radius of
curvature) with a diameter smaller than that of the concave. Thus, as the beam
expands towards the edges of the concave mirror, it eventually travels past the outer
edges of the convex, producing a annular-shaped output beam (shown in Fig. 1.3).
Such resonators are generally unstable and provide for easy alignment, high mode

filling factors, and superior lowest order modes.

Output beam
on
Concave Convex Cross sectio
mirror mtrror
= ———————

|\ >

Fig. 1.3. Unstable resonator utilizing totally reflective optics.

Three distinct alignment configurations of an unstable laser resonator and the
resulting cross sections of the lowest order output modes are presented in Fig. 1.4.
The first condition depicts proper alignment, in which the two mirrors are parallel to
each other, and perpendicular to the optical axis linking their centres. The associated
output beam is relatively symmetric and uniform in power distribution. The second
case illustrates a misaligned resonator, in which the mirrors are not mutually parallel,
resulting in a non-uniform and partial beam. Such beams further increase the thermal
stresses placed on the mirrors and may seriously damage sensitive optical

components. The final condition reflects the concept of beam steering. Both
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not pass through physical centres of both mirrors

Fig. 1.4. Resonator alignment conditions and the associated beam cross section.

resonator mirrors are parallel, but they are not perpendicular to the axis connecting
their centres. Although the direction of beam propagation is not parallel to the
optical axis, the mode remains relatively symmetric, provided the diameters of both
mirrors are greater than JaL , where A is the wavelength of radiation, and the
propagational axis is confined within this boundary. Depending on the length of the

beam delivery system and the type of application involved, such a minute divergence
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could have numerous adverse effects on the final quality of the product.

1.3 Overview of Beam Control and Diagnostics

A number of external beam parameters may be monitored to analyse the
beam's quality and uniformity for a given application. These include the pevser and
energy densities and distributions in the beam, the angular divergence and beam spot
size, the output wavelength, and the coherence and polarization of the beam.?* Of
these parameters, observing the power distribution and intensity profile is crucial to
maintaining a symmetric and uniform beam with maximum intensity.

Many complex systems have been developed to accurately measure the quality

and uniformity of the output beam.>?

These range from two-dimensional
photodiode arrays3° to acoustic detectors which measure signals emanating from the
laser optics.>'?? For CO, lasers, which produce an invisible infrared beam with a
wavelength of 10.6 um, pyroelectric detectors>>~>* and thermistor arrays35 have been
used to examine the quality of the output. One of the more recent and versatile
methods of beam monitoring is to utilize an imaging system and employ image

analysis techniques to process the data.36%7

Imaging systems used for laser
diagnostics genera! examine a sampled version of the beam's cross section. This
cross-sectional image is then analysed and an intensity profile of the beam is
produced. At this point, human interpretation of the data is required to make the
necessary modifications to the laser control system. Due to the diversity and
variability in laser operating parameters, and differences in operator expertise,
obtaining optimal and repeatable results in this manner is both difficult and tedious.
Eliminating the need for human intervention requires a merging of both the
diagnostic and control systems. Currently, low-power laser systems (especially those
with wavelengths in the visible range) do exist with a crude forms of automatic

resonator alignment and power control capabilities.38 However, high power lasers
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are generally limitec to feedback control of only the total output powcr,ag
necessitating manual alignment of the resonator optics to preserve the mode quality.

A typical schematic diagram of a vision system for automatic laser resonator
alignment and power stabilization is shown in Fig. 1.5. The system operates by first
sampling the output beam, which permits on-line utilization, and then feeding a cross
section of this sampled beam into a video or CCD camera. Depending on the power
level and wavelength of the laser, it may be necessary to project the sampled beam
onto a visibly reflective screen, or to employ a camera suitable for the particular
wavelength (such as a far-infrared camera for CO, lasers). The image of the beam’
cross section is then digitized by a frame-grabber and stored as a two-dimensional
array in a computer. Elements of the image array consist of a series of gray values,
each of which corresponds to the intensity of the beam at a given point. Thus, an

intensity profile of the beam may be extracted from the image, and the total output

Beam Sampler
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Fig. 1.5. Schematic diagram of a computer vision system for on-line laser control.
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power may be calculated. This cross-sectional image may be further analysed , using
image processing techniques, to obtain measures for uniform power and energy
distribution. Based on these measures, the system can apply the necessary controls to
the laser system to optimize the output beam and operate at the desired power level.
This process is repeated continuously while the laser is in operation to maintain
maximum beam uniformity and laser efficiency.

For operation in a real-time environment, the digitizing and image processing
systems must possess sufficient speed, and the response time of the optical alignment
servos must be adequate. However, since high power laser thermal time constants
are usually large. the processing speeds need not be excessively high, thereby
enabling the use of a standard microcomputer.

This computer vision system for monitoring and control of a laser's output
parameters has a number of advantages over other conventional techniques. The
system is extremely versatile and completely external te the laser, making it adaptable
to virtually any type of laser system, with no internal modifications. Since the
sensory system is based on visual data, no additional mechanical or electrical process
related signature on which to base control decisions is necessary. Many of the laser's
constants may be modelled in software, enabling effortless transportability between
different laser systems. The laser itself may be operated in either CW or pulsed
mode. If operated in pulsed mode, some synchronization is required between the

imaging system and the laser, which can be easily included.

1.4 Experimental Research Strategy

In order to develop the proposed vision-based feedback control system for on-
line laser supervision, an unstable resonator arrangement, employing a low power
HeNe laser, was constructed. This system was used to initially design the image

analysis software and alignment algorithms for control of a single resonator mirror.
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Upon development of a suitable imaging system for detection of the invisible infrared
CO, laser beam and fabrication of the necessary hardware interfaces, the diagnostic
and control software was tested on the high power PIE-3 CO, laser.® The
performance improvement of the laser system was thus evaluated.*®  Control
algorithms were subsequently expanded to include power stabilization*' and
manipulation of the second resonator optic. An effective control strategy was
ascertained to eliminate fluctuations in beam uniformity, direction of propagation,
and output power. The performance characteristics of the system were then assessed
on the higher power PIE-4 laser, at which time a mathematical model for the laser

and control systems was derived to examine their stability and limitations.

1.5 Summary of Research Objectives

1. Develop a vision-based system which automatically aligns a single resonator optic

of a high power CO, laser.

2. Develop sufficient beam diagnostic capabilities, such as 2D and 3D intensity

profile generation, to aid in analysing and characterizing resonator designs.
3. Expand the system to incorporate automatic output power stabilization.

4. Further expand the alignment control system to include control ol the second

resonator optic, and develop an effective control strategy.

* The PIE-3 laser is a 10 kW CO, laser utilizing the PIE (Photo-initiated Impulse-enhanced
Electrically-excited) discharge technology,***® which was developed at the University of

Alberta in the late 1970's. The PIE-4 CO, laser is of similar design, but is capable of output
powers in excess of 25 kW.
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CHAPTER 2

SYSTEM HARDWARE DESIGN

In order to expeditiously evaluate the laser cavity feedback control concept, a
low power unstable resonator configuration, utilizing a HeNe laser, was constructed
to simulate a high power laser cavity (illustrated in Fig. 2. 1). This low power model
facilitated preliminary investigation of control strategies and unstable resonator
behavior, without jeopardizing costly, high power laser components. The HeNe
output beam was passed through a minute opening in the centre of the concave
mirror. Following repeated reflections within the cavity, the typical annular-shaped
output of an unstable resonator was produced. Since the HeNe beam was in the
visible range of the spectrum, it was reflected directly into the video camera. The

video signal was then digitized, the image information was processed, and the

Hole in Concave Convex .
Concave Mirror Mirror Motormics
Mirror \ /
HeNe Laser 7 ,/'/
Micro- Ann
Computer Bearglgfl
Frame Reflective
— | Grabber Screen
[ To Convex Mirror

=> Motormic Controllers
Fig. 2.1. Schematic of a low power control simulation utilizing a HeNe laser.
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necessary control signals were sent to two motor-driven micrometers (motormics),
causing angular motion of the convex mirror about the X and Y axes. With the use
of this model, the required software and control strategies were developed and tested,
after which the system was installed on the PIE-3 CO, laser. After further
performance evaluation, software enhancement, and expansion of control to the
second resonator optic, the system was transferred to the higher power PIE-4 laser.

A detailed block diagram of the laser control and diagnostic system designed
for the PIE-3 and PIE-4 lasers is shown in Fig. 2.2. The system consists of six main

subsystems: the high power PIE CO; laser, the beam sampler, the infrared CO, beam

Rotating Wand
Beam Sampler

Resonator
Motormic

Controllers |y High Power

PIE-3/PIE-4 | Main Beam \\ >
Laser » COz Lasel‘

Power IE N

Controller Sﬁgg}ﬁd i !

Amiga Thermal I —

2000 Imaging ﬁ?ﬁ

Computer Screen N

ACDA Data i I LIVE 2000 Hitach

Acquisition Frame €1 C.mera
Unit Grabber

Fig. 2.2. Detailed schematic diagram of the vision-based control and diagnostic
system for the PIE-3 and PIE-4 CO, lasers.
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detector, the image digitizing and analysis system, the resonator alignment scheme,

and the laser input power regulation system.

2.1 High Power PIE CO; Laser Systems

PIE CO, lasers***° are capable of output powers in the multikilowatt range
and contain the folded-path resonator configuration illustrated in Fig. 2.3.47 The
main advantage of using a two-pass folded resonator is that it effectively doubles the
volume of the gain medium, and is equivalent to doubling the length of the resonator.
Furthermore, asymmetries in the discharge, which may produce noticeable
non-uniformities in the output of a single-pass cavity, tend to cancel out on the return
path in a two-pass system, thereby yielding a more uniform output beam. As evident
in Fig. 2.3, the beam oscillates between the two resonator mirrors, with the 90° roof
prism acting as the folding element. The beam is then extracted from the resonator

cavity with a skimmer and reflected out through a ZnSe window (transparent to far-
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Fig. 2.3. Diagram of folded-path resonator employed in PIE-3 and PIE-4 lasers.
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infrared radiation). All reflective optics are water-cooled and constructed of
aluminum, with micro-machined surfaces (absorption coefficient of approximately

2%). The resonator itself may operate in either a stable or unstable mode, depending

on the radii of curvature of the optics.

2.1.1 PIE-3 CO, Laser

The PIE-3 laser, capable of output powers not exceeding 10 kW, has a
discharge cross section and length of 18 cm by 9 cm and 3 m respectively, which
corresponds to a discharge volume of 40 L. The radii of the convex and concave
mirrors are -20.8 m and 38 m respectively, with a cavity length of 8.6 m (marginally
unstable resonator). The output beam is annular in shape, with outer and inner
diameters of approximately 9 ¢cm and 4.5 cm. With the exception of water-cooled

optics, no other inherent mode stabilization systems are installed.

2.1.2 PIE-4 CO, Laser

The PIE-4 laser permits power levels exceeding 25 kW and is similar in
design to the PIE-3 laser, although it incorporates more sophisticated electronic and
temperature stabilization systems.48 It possesses a discharge volume of 81 L
(10 cm x 18 cm x 4.5 m), with a cavity length of 9.2 m and mirror curvature radii of
-40.5 m and 44.65 m. These dimensions yielded a marginally stable resonator,
which produced a better quality output mode for this particular laser than the unstable
configuration. Inner and outer diameters of the output beam measure approximately
10 cm and 5 cm respectively. Temperature of the optical components are maintained
between 22 and 24 °C using water cooling, while the mirror mounts are fastened to
an optical bench, thermally stable to within 0.1 °C. This prevents the large thermal

loads on the laser tank from significantly affecting the alignment of the resonator.
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2.2 Beam Sampling Mechanisms

Conventional methods of beam sampling, such as beam splitting using
partially transmissive optics, is not possible at high power levels due to the large
thermal loads which are placed on the optics. Furthermore, very few materials are
transparent to the far-infrared beam of CO, lasers. Since high power lasers with
large diameter annular beams require optical windows of equivalent or greater size,
the use of optics fabricated from these materials, such as ZnSe, are not cost effective.
Thus, a sampling system using entirely reflective optics was investigated. Two such
systems are the rotating wand beam sampler"9 and the hole grating beam sampler.5 0
The hole grating beam sampler is inappropriate for this application since it samples
only specific points in the beam, resulting in the loss of valuable intensity profile
information. As a result, the rotating wand beam sampler, which produces a good

quality sample without significantly disturbing the output , was used in this system.

2.2.1 Double-Ended Rotating Wand

The wand is usually double-ended for ease of balancing, and composed of
two, small pie-shaped aluminum mirrors which have been machined on a
microsurface lathe. The specifications of a single end of the wand are displayed in
Fig. 2.4 (note that the wand is symmetric about the horizontal axis and contains an
identical opposite end). A small, two-pole induction motor rotates the wand through
the main output beam at approximately 1500 RPM. The sampled beam is reflected
perpendicular to the main beam and directed onto an infrared detector, producing an
annular-shaped image of the beam's cross section.

Average power coupled by a double-ended wand from the main output beam

is given by the ratio:
K sampled - 2¢
Prgin 360°

(2.1)

16



Front View Side View

—»—1 : l—o‘0.25"

K%
Ak

? 4

.

.i'

y
S

{

f

# .1; Wh".

K

Diamond Machined :
Aluminum Alloy —=
Surface :

r lr 4
AP RUT dRET duN

{te 1
F
w

AT

- \
3

Fits 1/4"
Motor Shaft

|
0.5"

) )

.5"

Fig. 2.4. Specifications of rotating wand beam sampler.
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where ¢ (specified in degrees and defined in Fig. 2.4) is the angular width of the
wand and P is the total average output power. Increasing or decreasing the angle ¢
samples a larger or smaller percentage of the main beam respectively. For use with
the PIE-3 laser, an angle ¢ of 3.6° was chosen, which resulted in coupling 2% of the
output. At higher power levels, this sampling percentage proved to be too large,
necessitating masking of one end of the wand (1% coupling). The rotational speed of
the wand has no effect on the overall power of the sampled beam. However, it must

be sufficiently fast to prevent any degradation in the quality of the main output.

2.2.2 Variable Coupling Rotating Wand

Since the average operating range of the PIE-4 laser for extended periods of
time varies from 1 to 15 kW, utilization of a constant percentage sampling wand
would require the beam detector to have a large dynamic range and high damage
threshold. Generally, far-infrared detectors which have sufficient resolution for
imaging systems do not posses a large dynamic range, becoming either saturated at

the upper limit or losing valuable intensity information at the lower.”!

Consequently,
a variable coupling device, which can be adjusted on-line to alter the sampling
percentage to correspond to the output power level, would ensure operating the beam
detector in its optimal range.

A variable coupling rotating wand was developed specifically for this
vision-based system and the PIE-4 laser, and consists of a standard reflective wand
fitted with a cover. The two components are assembled together with a system of
two sliding weights and four springs, as depicted in Fig. 2.5 (only half of the
symmetric, double-ended system is shown). Centripetal forces exerted on the
weights by the rotational speed of the system are counterbalanced by the spring force.
The equilibrium position reached by the weights depends on the rotational speed, and

this causes the cover to either open or close, since its slot is at an angle different from
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Fig. 2.5. Basic operation and assembly of variable coupling wand.
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that of the reflective wand. At maximum speed, the weight travels to the outer end
of the slots, resulting in the reflective surface being completely hidden (no sanpling).
Similarly, at minimum speed, the weights travel to the inner limitz of the slots,
coupling the maximum possible energy from the output beam. A small gap between
the wand and cover prevents damage to the reflective surface as a result of their
relative motion.

Specifications for the reflective wand and cover are illustrated in Fig. 2.6.
The angle of the cover's slot, 6, is 4.8°, which corresponds to the ¢ value of 3.6°,

and can be computed from the associated dimensions as follows:

9= tan“(—t-“i“i). 2.2
0.75

The cover's surface was sandblasted to disperse the blocked radiation ir. random
directions away from the imaging screen. The cross section of the cover is an
isosceles triangle, with the congruent angles being 45°. This is a design requirement,
since the angle of the plane of rotation with respect to the beam, in order to obtain a
perpendicularly propagating sample, is 45°. Fig. 2.7 graphically presents the
relationship between the wand's plane of the rotation, S, and the cross-sectional
design of the cover. As depicted, the congruent angles of the cover must not exceed
B. In fact, it is desirable to construct the angles of the cover about 10° less than /, to
avoid problems with grazing incidence.

The system was designed to operate in a speed range of 500 to 750 RPM,
which is sufficiently fast to prevent degradation of the output, yet adequately slow to
prevent undesired effects from friction and air resistance. Based on this requirement,

the mass of the sliding weights and spring constants were calculated based on the

following equilibrium condition:

Fentripetat + Fspring + Fiiction = 0. (2.3)
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Neglecting friction and substituting the force formulas, the equation simplifies to:
ma?r = 2k(r - Xg) (2.4)
where m is the mass of the a single weight, @ is the rotational speed, r is the distance
of the weight from the center of rotation, k is the spring constant, and xq is the
relaxed length of the spring. Arbitrarily selecting springs with constants of 40 N/m
and substituting the design requirements for @ and r, the mass of the weights were
computed to be 7.45 g each. Upon construction, the exact mass and spring constant
were measured to be 7.25 g and 37.8 N/m respectively. Fig. 2.8 illustrates the
resulting dependence between the coupling percentage and rotational speed. As
evident, the relationship between the two is linear with a speed range of 540 to
720 RPM, which agrees with the original design predictions. The rotational speed
and the corresponding percentage opening were measured with an infrared LED and
phototransistor assembly. Pulses from this sensor were monitored by computer, their

width and period were measured, and the resulting coupling percentage was
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Fig. 2.8. Performance characteristics of variable coupling rotational wand.

calculated. Each data point represents the average of 25 measurements, and the error
bars are smaller than the size of the data points (this applies to all following graphs).

The speed regulator for the AC induction motor consisted of a feedback
controller, which utilized the pulse from the LED-phototransistor sensor. This signal
was amplified, integrated, and compared to a setpoint (from O to 15 V) initiated by
the computer. Signal error was used to adjust the motor speed, via a variable speed
motor driver, to maintain the desired coupling percentage. Fig. 2.9 describes the
characteristic linear relationship between the speed controller setpoint and the
rotational speed. Detailed circuit schematics are presented in Appendix A.

Controller response was tuned experimentally to be sufficiently robust, with
no significant overshoot. Consequently, no measurable delays or disturbances were

added to the performance of the vision-based laser controller. A sample closed loop
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Fig. 2.9. Characteristics of AC induction motor speed controller for variable

coupling wand.

step response is presented in Fig.2.10. A first order model of the closed loop
system was developed from the input and output data, sampled at one second
inter--als, using the batch least squares technique (detailed later in Section 6.4.1).%%
T.. discrete model was converted to the following continuous-time closed loop
transfer function (W is the rotational speed of the wand and U, is the controller

setpoint):

W(s) K.e @ _ -38.4¢"°

G = = =
=0 1+w  1+0.14ls’

2.5)

and the resulting model-based data, along with the raw values and setpoint chang

£y
S

are graphed in Fig. 2.10. The raw rotational speed data contains excessive noise
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Fig. 2.10. Closed loop step response of rotational speed controller.

since no averaging or filtering was performed. However, as evident from the graph,
the modelled output is consistent with the raw data for a 0.2 V setpoint change. The
delay (7 of 1 second due to sampling and the closed loop time constant (t) of
0.141 seconds is sufficiently fast for most feedback control systems. Since the
infrared detector used in this system (described later in Section 2.3) possesses a time
constant of approximately 3.5 seconds for global intensity changes (25 times larger

than that of the speed controller), no measurable delays or disturbances were added to

the performance of the laser control system.

2.3 Infrared CO, Beam Detectors

As specified previously, the wavelength of a CO, laser beam is 10.6 um,
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which is in the far-infrared region of the electromagnetic spectrum. Thus, before the
image of the sampled beam's cross section can be viewed by a standard video camera
(which is only sensitive to visible light), it must be detected using an infrared to
visible conversion device. Alternately, this external conversion may be bypassed by
employing an infrared camera. A number of options were tested, and evaluated
based on their time response, linearity, dynamic range, damage threshold, and cost
efficiency.

The first technique tested was asbestos cloth, which glows a bright orange
colour as it is heated by the laser beam. Only the annular region corresponding to the
beam's cross section will be heated, and its intensity profile may be easily observed.
However, the minimum power density required for asbestos cloth to illuminate is
approximately 32 W/cm2. Since the average power density of the PIE-3 output heam
is about 90 W/cm?, a 36% sample would be required, resulting in highly inefficient
operation of the laser. In addition, asbestos is associated with certain health hazards
which deem it unfavourable for general use in an closed environment.

A second and similar method is to use a sheet of liquid crystal which is
sensitive to changes in temperature. The sheet changes colour in the region heated by
the beam, enabling the beam's shape and power distribution to be determined.
Although this approach has its merits, the dynamic range of the sheets is only about
5 °C, insufficient for use with a 1% beam sample. Furthermore, the changes in
colour do not correspond to equal changes in gray levels, as seen by the digitizer,
leading to an extremely non-linear intensity to power mapping.

The third option is to replace the standard video camera and infrared detection
apparatus with an infrared vidicon camera. A pyroelectric camera, with a spectral
sensitivity from 2 to 20 um, a temperature range from 20 to 40 °C, and a sensitivity
of 0.2 °C, was tested.>>  Since the damage threshold of the camera was

100 mW/cm?', a 0.1% sample of the output beam was used. However, the input to
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the camera required chopping, since pyroelectric devices respond only to changes in
temperature. The natural chepping frequency of the sampling wand (between 20 and
50 Hz for a double-ended wand) did not provide adequate recovery time for the
pyroelectric crystal. In addition, a uniform and consistent cross-sectional beam
image could not be obtained since all portions of the beam could not be sampled
instantaneously. Consequently, a fading effect was noted across the image - the
section being sampled first being less intense, while the portion sampled last being
more intense. An added disadvantage is the relatively high cost and delicacy of this

instrument.

The final technique is to utilize the concept of thermal quenching of induced
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fluorescence.”” Certain phosphors and fluorescent materials, which fluoresce when

irradiated by ultraviolet light, have their fluorescence diminished as the local
temperature increases. After testing a number of these compounds, the phosphor

used in the thermal imaging screens manufactured by Optical Engineering proved to

possess the best features.”>

The particular screen used in these experiments had a
sensitivity range between 0.2 and 1.2 W/cmz, a response time of 0.4 seconds, and a
resolution of approximately 50 lines/cm. These specifications are dependent on the
amount of cooling employed and the properties of the heat sink. Spatial restrictions
necessitated that the video camera be mounted behind the thermal imaging screen,
requiring the use of a visibly transparent heat sink capable of withstanding the high
thermal stresses. The material best fulfilling these criteria is fused quartz, which has
a thermal conductivity of 0.0033 calems1°C!. In order to obtain the above
mentioned characteristics, the imaging screen was stretched (about 0.7 cm on each
side) onto a 1/16" thick fused quartz plate and air-cooled with approximately 15 to
20 psi of pressure. The resulting overall screen time constant ranged between
1.5 and 4.0 seconds, depending on the size and type of step change. Step changes

which require large modifications to screen intensity (global temperature changes
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across the entire screen and heat sink), such as those for output power and coupling
percentage, exhibit longer time constants than those necessitating smaller, local
variations in intensity.

Under these conditions, fluorescence quenching of the bright yellowish-orange
screen was found to be directly proportional to the average laser power, provided that
the screen was irradiated with power levels ranging from 15 to 40 W for a beam size
corresponding to that of the PIE-4 laser (as shown in Fig. 2.11). The total intensity
of the image is measured as the sum of gray values (gv) of all pixels which constitute
the beam's cross section.

Of the above summarized methods, the thermal imaging screen satisfied all

requirements and was employed in the final design for both the PIE-3 and PIE-4

Total Intensity of Beam Cross Section vs. Laser
OQutput Power for a 0.5% Sample
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Fig. 2.11. Linearity of thermal imaging screen when utilizing 2 0.5% sample of the

PIE-4 laser output.
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lasers. This resulted in an approximately linear relationship between the laser output
power and overall darkness of the beam image, thereby enabling the use of the screen

as a means of on-line power measurement.

2.4 Image Digitization and Analysis System

Video imaging of the thermal viewing screen is accomplished with a Hitachi
VK-C2000 colour video camera, possessing a horizontal resolution of 260 lines. The
video signal so derived is digitized by a LIVE 2000 frame grabber“'6 at a speed of
15 frames/s into 320 x 200 pixel images having 16 gray levels. Thresholded binary
images can be obtained at a rate of 60 frames/s. The frame grabber possesses two
feedthrough camera inputs, with the software switching capability to select either.
An Amiga 2000 personal computer (a Motorola 68000 based machine operating at
8 MHz) analyses this digitized beam image data and compares it to preset references.
The Amiga 2000 PC was chosen for its multitasking capabilities, its on-board
dedicated graphics processing hardware, and its rciatively low cost frame-grabbing
and imaging accessories. The system was later upgraded with an accelerator card
containing a Motorola 68030 main processor and a 68882 floating point unit,
operating at 25 MHz.

The external laser signals are monitored and controlled via the ACDA
Proto-40K data acquisition unit, which contained 16 A/D inputs lines (12-bit
resolution), 16 digital inputs, 16 digital outputs, two 8-bit D/A outputs, and three
16-bit digital timers.>” Since this device did not posscss sufficient capability to
interface with all the necessary controls and signals, a supplementary "piggy-back”
board was designed to perform additional switching, multiplexing, and processing
functions. The physical size of the board was restricted by spatial limitations within
the computer. As a result, programmable logic devices were used ‘o limit the

number of microchips required and permit future modification of necessary logic.
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The final design expands data acquisition capacities to 52 digital outputs and
26 digital inputs. It also incorporates a 16-bit counter which interfaces with the
motormic drivers to maintain the position of the micrometers within 0.1 pm.
Schematic diagrams and further operational explanations of this unit are supplied in

Appendix B.

2.5 Resonator Optics Alignment System

Both convex and concave resonator mirrors can each be positioned using two
motormics,ss which permit angular motion about the horizontal and vertical axes
passing through their centres. The motormics possess a built-in digital positional
readout, as well as a computer interface, enabling continual tracking of their actual
motion. However, the computer interface does not provide positional information in
an absolute form. Instead, a digital pulse is produced each time the motormic travels
0.1 pm, with the direction of motion indicated by the state of another digital output.
Consequently, the computer must coniinually monitor the “"count" line when a
motormic is in motion and compute the actual position, consuming valuable computer
processing time. This inefficieacy was eliminated with the introduction of the above
mentioned "piggy-back” board. The on-board 16-bit counter maintains the position
of any one motormic or may be preset to move a motormic a given distance. Thus,
the counter could be read directly in one memory operation, and the absolute position
of the motormic may be ascertained. The limitation of this method is that only one
motormic may be adjusted at any one time.

The motormics did not possess sufficient torque to directly overcome the
spring forces of the optical mounts in the PIE-3 laser. Thus, a differential
micrometer, with a gear reduction ratio of 50:1, was introduced. The motormics
were used to drive the differential micrometers, which in turn moved the optics. In

effect, these micrometers converted the transverse load experienced by the motormics
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to an axial one, reducing the overall required torque. The additional gear reduction
permitted the mirrors to be controlled with much greater resolution. Based on the
gear ratios and moment arms, the correlation between the transverse motion of the
micrometer and the angular movement of the optics was determined to be
0.282 rad/m. For the PIE-4 laser, the torque of the motormics was sufficient to
directly modify the angle of the optics, due to the larger moment arm. However, this
direct-drive method increased hysteresis significantly as a result of the larger load on
the motormics. Consequently, backlash compensation was incorporated in software
by correspondingly increasing movemenis when changes in direction were required.
Since the design of the optical mounts differed from the PIE-3 laser, the angular
conversion factors were 0.787 rad/m for both axes of the convex mirror, 1.432 rad/m
for the horizontal axis of the concave mirror, and 1.167 rad/m for the corresponding
vertical axis. For simplicity, all resonator optic positions will be specified in

microns, since this was the directly measured quantity.

2.6 Laser Input Power Controllers

Adjusting the total output power requires modification to the laser excitation
level. In the PIE-3 laser, this is accomplished via a motorized variac in its DC power
supply. The computer interfaces to the variac via two relays, which rotate the variac
in opposite directions. Thus, the input power to the laser can be increased by
activating the corresponding relay. The slight backlash encountered while changing
the direction of motion of the variac (due to mechanical limitations), was
compensated for by the control algorithm. The PIE-4 laser incorporates an SCR
controlled power supply, which enables a more rapid adjustment of the excitation
level. The output power level is initially set with a manually controlled
potentiometer. The computer may vary this level by approximately #2.5 kW by

providing a 0 to 15 V setpoint to the laser povier controller.

-
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CHAPTER 3

SYSTEM SOFTWARE DESIGN

The adaptability and expandability of this computer vision control and
diagnostic system are its major advantages over conventional electronic controllers.
The supervisory and control strategies, entirely software-based, may be altered to
satisfy desired modes of operation on a variety of laser systems. Furthermore,
on-line modification of the controller gains and associated constants facilitates optimal
performance under conditions in which process parameters may vary significantly.

The system software consists of the main laser controller program, 2D and 3D
intensity profile generating programs, and several utilities for image conversion,
colourization, display, and printing. The majority of the software is written in the C
programming language (ANSI stancla.rd),59 with certain memory and computationally
intensive routines coded in Assembly for increased execution speed.6° All built-in
Amiga ROM functions,m*g’4 required to manage internal devices and utilize the
graphical interface capabilities, may be accessed directly using the standard C

function calling protocol.

3.1 Laser Controller Algorithm

The control system program may be subdivided into five distinct areas:
initialization and input validation, image digitization and conversion, error signal
computation and filtering, output control signal generation, and data presentation and
storage. A simplified flowchart describing the control algorithm's or._ration is
illustrated in Fig. 3.1. Upon initialization, the presence of a valid video signal is

established, the digitization levels are set, and a single frame is digitized. Based on
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Fig. 3.1. Simplified flowchart of laser control and diagnostic algorithm.
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this image data, the edges of the imaging screen are ascertained and the screen
position is determined. The algorithm then enters the control loop, in which a single
frame of the cross-sectional beam image is obtained, the necessary error signals are
calculated from and filtered (if required), and the prescribed control actions are
implemented. The image data, along with the corresponding error values and
controller outputs, are displayed in numerical or graphical form and may be stored
for later analysis. Any modifications to the operational and controller parameters are
updated, and the cycle is repeated until execution is terminated. Expanded flowcharts
of the shadowed blocks in Fig. 3.1 are presented later in this chapter in Fig. 3.4 and
Fig. 3.5.

3.1.1 Initialization and Input Validation

Following the launch of the control program, the opening sequence initializes
pertinent system hardware, including the data acquisition unit, frame grabber, audio
processing device, and system timers. All controller output signals are set to their
null states to prevent uninitiated control actions from occurring. A customized
configuration file provides the program with information necessary to initialize
operational and controller parameters. Different configurations files may be created
for use under various operating conditions, enabling a greater degree of automation
and flexibility. Upon successful validation of all inputs, the algorithm initializes the
image memory maps and graphical user interface required to display image and error
signal information. Any faults which occur during the initialization phase must be

corrected before proceeding with subsequent execution.

3.1.2 Image Digitization and Conversion

The quality and resolution of the digitized image are dependent on the overall

brightness and contrast of the video signal (i.e. its amplitude range). An average,
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medium brightness image does not occupy the entire available amplitude range.
Thus, digitizing to the extents of the amplitude limits results in many of the 16
discrete gray levels being empty. The LIVE 2000 permits adjustment of the
maximum and minimum values of the amplitude range, known as the ceiling and
floor respectively, to ensure all 16 digitization levels contain information. As shown
in Fig. 3.2, the ceiling may be shifted from 100% to 25% of the maximum possible
signal in 16 steps, while the floor may be changed from 0% to 75% of the maximum
attainable voltage in 16 steps. The A/D range between the ceiling and floor is
discretized into 16 levels, with voltages above the ceiling interpreted as full white
(gray value 15), while those below the floor are defined as full black (gray value 0).
Since the colour of the imaging screen is yellowish-orange and not white, the
digitizing ceiling mu«? be initially set to the brightness of the screen, providing a
uniform, white background. Similarly, the floor is set such that the darkest arcas of

the beam cross sectioi: are digitized as full black, producing a 16 gray level image.

100% +
Ceiling
x 15%
Ceiling | | 7N T ATV
A/D Range
16 3
(16 Levels) Eloor
Yo
25%
— Video Signal
* 0%

Fig. 3.2. Video signal digitization settings to obtain optimal gray scale distribution.
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C..ce a single video frame has been digitized, the image information is
converted to an easily interpretable format to facilitate use of standard image
processing functions. The LIVE 2000 usilizes a "cyclic encoding” scheme, which
possesses the properties of a standard Grey code,* in crder to reduce digitization
errors due to noise.®® It also places the image in a bitplane format, as required for
display by the Amiga hardware. Consequently, the image data is first translated to a
binary-encoded form, enabling arithmetic operations to be performed on the data, and
then converted to raster format, which permits elementary and rapid addressing of

individual pixels.

Bitplane Image Format Raster Image Format
13[10f 5 T11j14]9461---

320 x 200
Elements

11(‘)1 =12)+ 1) +02H + 1(2) =13 —

Fig. 3.3. Bitplane to raster image format conversion technique.

The bitplane to raster conversion technique is illustrated in Fig. 3.3. Each

bitplane contains data corresponding to a particular bit for the entire image. In order

* Grey codes possess the property that each member of the code differs from the preceding
and succeeding numbers by only one bit. Thus, if a bit error occurs due to noise, the
resulting encoded value will deviate from the actual by not more than one.
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to obtain the intensity of a given pixel, the corresponding bits from each bitplane are
multiplied by the bitplane weighting factor (2 to the power of the bitplane number)
and summed together. Software to perform this conversion is extremely inefficient if
written in C, requiring approximately 21.5 seconds for execution (with the 8 MHz
microprocessor). However, re-written in Assembly tc optimize internal register
usage and minimize external memory access, the code executes in 1.06 seconds; an

increase in speed of almost 2000%.

3.1.3 Error Signal Computation

The 320 x 200 pixel, binary-encoded image raster is used to compute all
required error signal information. Fig. 3.4 illustrates the error computation routine.
Outer edges of the beam are determined using a customized edge detection algorithm.
Since the image contains only 16 gray levels, adjacent pixels which differ by more
than one gray level generaily do not exist. Consequently, conventional edge
detection filters do not perform well since the filter threshold must be set at a
relatively low level.%® The edge detector assumes the digitizing ceiling has been set

such that the image background (the imaging screen colour) is completely white. It

commences at the screen boundaries and searches inward unti! . :: white pixel is
encountered, at which point, it examines the 3 x 3 pixel - - uwrrounding this
non-white pixel. If the matrix contains less than 6 non-..* ‘i« - zments, the pixel is

characterized as noise, and the algorithm continues searchin,. Once the horizontal
and vertical outer beam diameters are ascertained, the inner X and Y diameters are
determined by commencing at the centre (as defined by the outer diameters) and
probing cutwards. The midpoints of the outer and inner diameters are averaged to
obtain the beam centre. If the resonator is sufficiently misaligned such that only a
partial beam exists, the algorithm may be unable to compute diameters, or they may

be smaller than preset limits. In such cases, previously valid values (which could be
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Fig. 3.4. Flowchart of error signal computation algorithm.
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the defaults) are used.

The image is then partitioned into four quadrants (Q,, Q,, Q;, and Q,), with
the beam centre at the origin of an X-Y coordinate system. Relative intensities in
each quadrant are determined by summing the gray levels of all pixels within the
specific quadrant. The routine then computes the weighted and unweighted first

moments of inertia (MW, and M, respectively) according to the following equations:

MW, = 3 (Intensity,, ){x) (3.1
X,y
MW, = 3 (Intensity,, )(y) (3.2)
x.y
M, = Y (x coordinate of all pixels in beam image) (3.3)
x,y
M, = 3 (y coordinate of all pixels in beam image) (3.4)
x.y

as well as the total beam area (number of pixels comprising the beam's cross section).
These memory intensive computations are coded in Assembly, yielding a 487%

increase in execution speed. From these values, the weighted and unweighted

centroids, C;, are calculated as follows:

MW.
Weighted C; = 1 3.5
©18 ' Total Intensity 3.3)
. M,
Unweighted C, = ——i—— (3.6)
Beam Area

A uniformity error for the X direction is computed by subtracting the intensity
of the negative X plane from that of the positive (i.e. [Q;+Q,] - [Q,+Qs]).
Similarly, an error for the Y direction is determined by subtracting the intensities of
Q5 and Q, from Q, and Q,. Beam positional error is ascertained by calculating the

difference between the X and Y coordinates of the beam centre and the desired centre
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setpoint. The algorithm then computes the error in output power by translating the
total intensity of the beam image (Q;+Q,+Q;+Q,) to Watts (based on a
predetermined relationship), and comparing it to a preset value. If necessary, higher
frequencies of the error signals may be eliminated by applying a first order low pass,

third order Butterworth, or four-element moving average filter.5”

3.1.4 Output Control Signal Generation

A generalized flowchart of the control signal generating program sequence is
described in Fig. 3.5. Uniformity errors are converted to micrometer motion
(specified in microns) by multiplication with the appropriate controller gain factor.
Offsets may be added to the intensity errors to compensate for permanernt
non-uniformities in the beam. If either of the resulting movements exceeds a preset
minimum, the larger of the two is executed by computer activation of the motormic
corresponding to the uniformity control mirror (usually the convex). In order to
prevent interaction between the two alignment axes, and due to hardware limitations,
only a correction for the largest error is made during a single control loop. If both
errors are within minimum thresholds, indicating that the output beam is uniform in
power distribution, the X and Y positional errors are examined, and the controller
compensates for the larger of the two, with appropriate motion of the position control
mirror (the concave resonator mirror). However, this compensation is performed in
small steps, to prevent significant disturbances to beam uniformity. Thus, a typical
control sequence involving both uniformity and positional mirror manipulation would
entail complete optimization of uniformity with the first mirror followed by a small
adjustment to the second mirror to reduce positional error. This process would be
repeated until both errors are eliminated. Since an accurate measure of the beam
centre can only be obtained under conditions of optimal uniformity, positional control

is disabled if an error in uniformity exists.
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Fig. 3.5. Flowchart of control action generating algorithm.
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Following initiation of the optic control actions, the total intensity of the beam
is compared to a preset operating range. If the value is not within range, the
controller modifies the rotational speed of the variable coupling wand to either
increase or decrease the coupling percentage. If the previously executed mirror
adjustment is sufficiently small and an error in the total power exists, the computer
modifies the input power to the laser to stabilize output power. *’~wever, if a
significant error in uniformity or position exists, laser excitation is not corrected until
a near optimum alignment is re-established. This precaution is taken since an
accurate determination of the laser's output power, based on the wand’s rotational

speed and the overall image intensity, couid orly be derived when its resonator is

near alignment.

3.1.5 Data Presentation and Storage

The controller utilizes an extensive menu-driven, multi-level windowed
display and interface, in order to maximize versatility and provide a user-friendly
environment. Fig. 3.6 presents an example of the top-level window design. The
upper window contains a series of mouse-activated gadgets, which enable manual
control of the desired mirror. In addition, the output power setpoint may be modified
or the power level may be adjusted manually. The remainder of the window displays
any error messages Or warnings, pertinent input information, error values, and
control actions. This data includes the motormic positions, output power as measured
by the imaging screen and laser power meter, quadrant powers, alignment and
position errors, beam centre and size, and laser input current and voltage. The lower
window graphically displays error signals and power levels for easy visual monitoring
of system performance.

All displayed data and other relevant information may be stored in an ASCII

data file for off-line analysis. Furthermore, a sequence of images (in raster format)
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Fig. 3.6. Top level graphical user interface to laser control and diagnostic program.

can be collected. Both data and image files must initially be written to a RAM drive,
to prevent degradation of program execution speed, and may later be transferred to
permanent storage media. The total amount of data and image storage is limited by
memory availability. Data files require approximately 11 kbytes/min, while each
image file necessitates 64 kbytes. The Amiga's 5 Mbytes of main memory
(approximately 3.5 Mbytes free for program usage) permits maximum storage of

about 5 hours of data or a sequence of 50 images, or a lesser combination of both.
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3.2 Execution Times for Controller Algorithm

The execution times for all algorithms is dependent on the speed of the
microprocessor and the number of concurrent software programs being executed.

Table. 3.1 lists the execution times for various code sections of the control

Program Code Segment Execution Time (sec)
of Main Control Loop 8 MEz 25 MHz

Frame digitization and binary-encoding 0.104 0.028
Bitplane to raster conversion (ASM) 1.068 0.288
Beam centre computation 0.201 0.078
Quadrant intensity computation (ASM) 0.320 0.015
First moment computation (ASM) N/A 0.045
Control action generation | 0.180 0.082
Data display 0.028 0.013
Storage of image and corresponding data 0.054 0.017
Miscellaneous operations 0.120 0.035
Average loopr execution time 2.075 0.601

Table 3.1. Execution times for program code segments of main control loop.

algorithm's main loop (Assembly code is labeled as ASM). The times presented are
an average of ten successive iterations of the particular code segment. No other
programs were in execution at the time these measurements were obtained. For the

8 MHz processor, the average conirol loop execution time is approximately
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2.1 seconds. This does not include computation of first moments and centroids, or
control of the variable coupling wand, which were not implemented prior to
upgrading the Amiga PC. The 25 MHz processor executes one complete control
cycie in approximately 0.6 seconds. This permits a sampling period of 1 second to
be utilized.

Due to the limited multitasking capabilities of the Amiga 2000, the times
listed in Table. 3.1 increase significantly whenever additional software, such as the
3D beam profile program, is executed simultaneously. The exact value of the penalty
in speed is dependent on the number of concurrent applications, their complexity, and
the processor time slice each occupies. At present, all programs have equal priority.
Thus, one additional application increases controller execution times by about 200%.
However, these programs share processor time only during their computational
phases, generally less than S seconds. The residual time is spent in a suspended,
interrupt "wait-state”, which does not tax the main processor. For instance, if a 3D
profile is generated every 100 secsads, the controller software would execute at its

normal speed approximately 95% of the time, and at a slower rate for the remainder.

3.3 Operational Features of Software Controller

The software controller possesses a degree of flexibility and decision-making
ability unrivaled by comparable hardware-based systems. It incorporates superior
error checking and handling capabilities, self-tuning of controller gains,
self-calibration of the imaging screen, automated measurement of resonator
sensitivities, and on-line modification of system gains, thresholds, and other
operational parameters. A detailed description of the controller program's features
are presented in the operating manual in Appendix C.

Operation of the system may be in either manual or automatic mode, with

each of the separate control functions (uniformity, position, output power, and
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coupling percentage) enabled independently. Input and error signal filtering, to
eliminate excessive noise levels, can be activated if necessary, along with data
acquisition, image storage (in overwritten or sequenced mode), and graphical display
of user selected signals. In addition, images may be colourized to better illustrate
changes in bearn intensity, with areas of lower power density appearing as shades of
violet and blue, while those of higher concentration are viewed as orange and red. If
desired, measures of laser efficiency, and calibration of the intensity-power
relationship are obtained by monitoring the input current, input voltage, and output
power (from laser power meter) via A/D inputs on the data acquisition unit. All of
the above mentioned options may be altered on-line, without interruption of the laser
control sequence.

Controller, digitization, and output beam parameters are modified via the
lower level input window depicted in Fig. 3.7. The beam centre setpoints and default
beam diameters (specified in pixels) may be set to accommodate varying beam
positions and sizes.  Furthermore, the window permits manual input of the
digitization levels (ceiling and floor), wand coupling percentage, controller sampling

period, and filter cutoff frequency. Also adjustable are the gains for the horizontal
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Fig. 3.7. Lower level input window for modification of controller parameters.
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uniformity, vertical uniformity, and output power controllers, along with the
corresponding minimum error thresholds and offsets. All modified values must fall
within preset limits before being accepted.

In addition to performing the essential control functions, the system is capable
of automatically acquiring various sensitivity measurements, the data from which may
be analysed off-line to quantify system performance and process parameters. The
resonator mirror sensitivities are measured by rotating the specified optic about the X
alignment axis in both positive and negative directions, storing the data, and
repeating the process for the Y axis. From this data, the relationship between
micrometer motion and uniformity error is ascertained, along with measures of
hysteresis present in the optical mounts. Beam steering sensitivity is attained by
rotating the positional control optic about the X and Y axes, while maintaining beam
uniformity with the other mirror. A series of beam centre coordinates, at which no
uniformity error exists, and the corresponding mirror position are accumulated for
future analysis. Output power and coupling percentage relationships to the overall
beam image intensity may also be self-generated.  This is accomplished by
modulation of the laser input power and wand's rotational speed respectively, while
simultaneously measuring total intensity at optimum beam uniformity. These
reletionships may change as the imaging screen cooling levels and equilibrium
temperatures deviate from their optimal values. In such cases, if the beam is directed
into the laser power meter, the intensity-power conversion references may be
automatically recalibrated by comparing actual output power to computed values.

Open and closed ioop step responses may be performed and controlled via a
supplementary sub-level window. These include step responses for both resonator
optics, as weil as output power and wand coupling percentage. if desired, the
controller is capable of tuning itself by calculating and resetting the uniformity gains.

These gains are determined from the initial and final steady-state values of the step
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responses, and application of an experimentally computed, gain modification factor.
In all modes of program execution, extensive tests are performed for both
input and operational errors. If the video signal is disrupted or the total beam
intensity decreases below a resolvable limit, all control functions are disabled until
the condition is corrected. Warnings are issued whenever error signals are
excessively large, and the resulting controller outputs are maintained within safe
limits. Since the controller generally operates in an unsupervised mode, an operator
not directly viewing the computer screen does not observe any visually displayed
system errors and warnings. Thus, all consequential errors are vocally communicated

utilizing the Amiga's built-in speech processor.

3.4 Additional Diagnostic Software and Utilities

The software base also includes programs for 2D and 3D beam intensity
profile generation, and several utilities for image manipulation. Cross-sectional
intensity profiles provide vital information pertaining to beam symmetry and
uniformity which is not immediately apparent in the visual image. Fig. 3.8 depicts 2
typical cross-sectional, gray-scale image of an aligned S kW output beam from the
PIE-4 laser. The corresponding 3D intensity profile is presented on Fig. 3.9. As
evident, the profile graphically accentuates subtle differences in power distribution,
and may be viewed from any angle of rotation or elevation. A 2D profile (a single
slice of the 3D profile) taken horizontally across the beam image of Fig. 3.8, and
sarough its centre, is illustrated in Fig. 3.10. Such plots, which may be generated
along any straight line passing through the beam centre, provide excellent measures
of b:am symmetry.

Additional utility software also aided in processing and cataloguing of stored
image sequences. Images, saved in raster format, may be colourized and converted

to compressed bitplane (Amiga IFF) format, which requires about 85% less disk
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Fig. 3.8. Digitized image of S kW PIE-4 output beam cross section.

Intensity (gl)

Fig. 3.9. 3D intensity profile of cross-sectional beam image depicted in Fig. 3.8, at

viewing angles of rotation and elevation are 45° and 70° respectively.

49



Beam Intensity Along X axis vs. Distance
from Beam Centre
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Fig. 3.10. 2D profile of intensity along X axis of beam image shown in Fig. 3.8.

storage space. If necessary, specific sections of an image may be extracted,
enhanced, thresholded, and/or complemented. A special image printing routine, for

use with laser printers, enables customization of dithering paiterns to improve visual

quality.
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CHAPTER 4

INITIAL SINGLE-OPTIC CONTROL SYSTEM

The performance of the beam uniformity and power stabilization control
system was initially evaluated on the P1E-3 CO, laser. At this time, hardware and
software systems were not completely developed, thus, the results presented do not
fully describe the potential capabilities of the control system. Open loop tests were
conducted first to determine optimal controller gains, following which, feedback
control of the convex resonator optic and input power regulation variac were
implemented. The performance of the system was evaluated with a series of transient
and steady-state responses. Comparison of these results to data obtained without
controller operation revealed a significant improvement in performance. The stability
of the control system was analysed experimentally using the continuous cycling

method, which indicated a high degree of stability.

4.1 Measurement and Control Apparatus

Preliminary control and monitoring systems did not entail all hardware
devices implemented in the final design. Firstly, the central microcomputer operated
at a clock speed of only 8 MHz. As such the computationally intensive program code
needed to be limited in order to permi: a sufficiently fast sampling intervai. In
addition, the enhancement to the data acquisition unit (the supplementary board
described in Appendix B), with its 16-bit counter, was not yet developed. This
aspect necessitated micrometer positions to be maintained via software polling of the
driver feedback signals. Due to the limited power range of the PIE-3 laser, a

constant coupling rotational wand was utilized to sample 1% of the output.
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A complete block diagram of the experimental setup and interconnecting
signals is illustrated in Fig. 4.1. Laser output power was measured using another
beam sample, focused onto a Coherent Model 213 waier-cooled power meter.®® This
5% sample was derived from a second rotating wand positioned after the 1% device,
in order to prevent interference between the two wands, thereby improving beam
imaging quality. Laser power was controlled by two mutually exclusive digital
outputs (PWRUP and PWRDN) which enabled two corresponding relays, and caused
the DC power supply variac to rotate in either a clockwise or counter-clockwise
direction. The resulting change in input current was monitored with a hall-probe

current sensor. Beam uniformity was adjusted via the digital outputs, FWD and
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Fig. 4.1. Schematic of experimental setup and interconnecting signals.
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REV, which affected the direction of motion of each micrometer, and subsequently,

the angular alignment of the convex mirror. The two inputs, DIR and CNT, enabled

tracking of micrometer positions.

4.2 Closed Loop System Model

The general practice to characterize multi-input, multi-output (MIMO)
systems and implement an effective multivariable control strategy, is to subdivide the
system into interdependent sub-systems, and then eliminate the interdependencies.
This yields several independent single-input, single-output (SISO) systems which can
be controlled individually.69 The three feedback loops for beam uniformity and

power stabilization are presented in Fig. 4.2. The sampling interval, T,

4 varies

depending on the control actions performed.

The beam uniformity feedback system consists of the two main horizontal and
vertical alignment loops. For each of these sub-sections, the motormics are modelled
as integrators, with gain parameters K, and K, (in um/s) corresponding to the motor
speed setting for the horizontal and vertical micrometers respectively.  These
parameters are externally set between 10 and 20 um/s to permii both manual and
automatic alignment with a sufficient degree of sensitivity. Since control actions are
based on the amount of mirror motion and not speed of motion, modifying these
parameters does not require re-tuning of controller gains. Increasing these
parameters simply results in control movements being executed more rapidly, hence
producing faster closed loop responses. The laser and infrared detection screen are
modeiled as a single, first-order block. Ideally, the laser may be represented as a
separate gain factor, without a time constant or delay, since it responds
instantaneously to changes in alignment (shown in Fig. 4.3). However, uniformity
error could not be measured directly in kilowatts. Thus, the two blocks were
combined, along with the corresponding gains, K,; (in kW/um) and Ky (in gv/W), to
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Fig. 4.3. Ideal representation of laser and detector block in Fig. 4.2.
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yield the horizontal and vertical uniformity gains, K,, and K,, (in kgv/um). Since
the motormics were driving dJifferential micrometers, they did not exhibit any
significant backlash.  Consequently, corresponding hysteresis blocks were not
included in the model. The two interconnecting blocks, Ky, and K, (in kgv/pm),
describe the effect of the particular micrometer's motion on the uniformity error in
the complementary direction. For a properly designed, two-axis optical mount, these
interactions should be negligible.

The output power feedback loop consists of the DC current supply variac,
laser, and infrared imaging screen. The variac may be modelled as three distinct
units - the motor which physically rotates the variac at a constant speed (represented
as an integrator), the backlash between the motor and variac shafts due to the gear
coupling (the hysteresis block), and a gain factor, K, (in A/s), characterizing the
variation in input current when the variac motor is enabied for a given period of time.
Output of the laser discharge block, assigned a single gain factor, K, (in kKW/A), 1is
sampled onto the imaging screen detector, thus producing an intensity output in gray
levels (kgv). This vutput is then divided by the detector’s power to intensity
conversion factor, K,,; (in gv/W), to obtain a measure of output power in kilowatts,
which may then be compared to the power setpoint. As evident from Fig. 4.2, the
output power is also dependent on beam uniformity. Specifically, if resonator
alignment drifts outside an error window (specified by w), the output power
decreases correspondingly. Although this reduction may not be linear, it is modelled

as two simple gain blocks, K, and Kp,,, (in kW/um), for simplicity.

4.3 Model Parameter Estimation

Gain parameters in the system model were obtained by varying the particular
inputs and measuring the corresponding steady-state outputs. Fortunately, the

imaging screen detector possessed a sufficiently long time constant, T, , 10 adequately
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filter this data and eliminate excessive noise. However, due to hardware limitations
and the relatively large sampling interval required, acquiring open loop step
responses to accurately model the detector's time constant and delay was not possible.
As a result, the imaging screen’'s time constant and delay were estimated to be
approximately 1.0 second and 0.4 seconds respectively. These values were based on
both manufacturer's specifications and visual observations. The error in these values

was not critical to system performance, due to the type of controller implemented.

4.3.1 Uniformity Process Parameters

The first step was to determine the process gains relating micrometer motion
to uniformity error. This was accomplished by fixing the position of the concave
mirror and then varying the alignment of the convex unit along the axis being
analysed. The exact procedure included moving the convex mirror in the negative X
direction until the uniformity error became saturated, and then stepping in the
positive X direction (in steps of about 10 um) until the opposite saturation condition
was reached. The resulting sensitivity data is presented in the first graph of Fig. 4.4.
The second graph of Fig. 4.4 illustrates the vertical sensitivity obtained by repeating
the same procedure for the Y direction. A similar set of measurements acquired for
the concave mirror is depicted in Fig. 4.5.

As evident from these graphs, the curves may be approximated by a straight
line for an operation window of about #25 pm. Also, the slopes representing the
complementary gains, K,,, and K, are approximately zero, thereby enabling each
axis of uniformity error to be controlled independently. For both optics, the
horizontal uniformity gain, K,,, is less than the vertical, K, possibly due to gain
variations in the laser discharge. The magnitude of the process gains, K, and Ky,
for both alignment axes are greater for the concave mirror. This feature indicates

that the convex mirror may be regulated with a greater degree of sensitivity, thus
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Fig. 4.4. Sensitivity of uniformity error to changes in convex mirror alignment.
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Uniformity Response of Concave Mirror
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supporting the original design decision to control this optic.

4.3.2 Output Power Process Parameters

The output power gain parameters were obtained by varying the DC discharge
current and recording the corresponding power levels (measured with the power
meter) and screen intensity values. A measure of the variac hysteresis window, 2/,
was determined to be 0.5 seconds by analysing data from positive and negative step
responses. Furthermore, tests revealed that the length of the controller output pulse,
which activates the variac, must be at least 0.18 seconds in order to initiate a change
in current. Hence, the input cur; 2nt could be controlled with a minimum resolution
of approximately 0.25 A. Fig. 4.6 depicts the dependence between DC current and
variac activation time (i.e. the variac gain, K,). Data points represent measurements
taken following 0.18 second pulses to the variac control relays. The laser discharge

gain, K,,,, was determined to be 0.36 kW/A from the graph of Fig. 4.7, while the
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Fig. 4.6. Dependence of DC current on variac activation time.
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Laser Output Power vs. Input DC
Current For PIE-3 Laser
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detector gain, K,,;, was obtained from the intensity-power relation shcwn in Fig. 4.8
In an attempt to model the interdependency between beam uniformity and
cutput power (blocks K, and K,,), the data in Fig. 4.9 was acc:.ized.  The first
graph illustrates ihe decrease in output power as the horizontal microm:<ier is moved
in positive and negative direciions from its optimally aligned position. Ths second
graphs presents the similar response for the vertical micrometer. As is evident, the
output power is approximately constant within *15 pm of alignment. Thus, if the

power controller is disabled when uniformity control actions greater than 15 pum are

Model Parameter Value
K, and K for convex and concave optics 10 to 20 pm/s
K,, for convex optic -1.10 kgv/pum
K,, for convex optic -1.51 kgv/pm
K,, for concave optic -1.38 kgv/pum
Ky, for concave optic 2.47 kgv/pum
K,y and K, for convex and concave optic ~0 kgv/pm
K,, for variac 1.43 A/s
K,,, for laser 0.36 kW/A
K,; for imaging screen detector 48.9 gviW
K,.x and K, when -w < U,,(s) and U,,(s) < +w ~0 kW/pm
T, for imaging screen detector ~1.0s
T4 for imaging screen ~0.4 s
T, for all feedback loops 1.8t03.6s
h (hysteresis) for variac 0.25 s
w for power controller deactivation 15 pm

Table 4.1. Estimated parameters for uniformity and power stabilization model.
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required, the interconnecting blocks may be eliminated, ther~bv yielding threc
independently controllable processes. Table 4.1 lists est alues for all

parameters described in the system model of Fig. 4.2.

4.4 Controller Description and Design

Due to hardware limitations and the non-linearity of the system, many
conventional control techniques could not be employed in this initial controller
design. Since the motormics operate at a manually set constant speed, the use of
standard linear controllers is not feasible. Consequently, several non-linear control
strategies were investigated.m

The most simple and intuitive approach was to adopt a relay-type control
scheme. Such a method would continuously sample the output, initiate micrometer
motion upon existence of an error condition, and halt movement once error signals
are reduced to acceptable limits. However, the minimum possible sampling intervai,
due to the time consuming digitization and efror computation operations, was
approximately two seconds. Thus, motormic speeds must be extremely slow to
function under this condition, yielding inadequate and inefficient controiler
performance. Furthermore, micrometer positions could not be measured while
computing error signals, since simultancous monitoring of the driver feedback signals
was not possible. As a consequence of these limitations, a form of optimal contrul
was applied, which attempted to restore beam uniformity and output power in a
single sampling interval.

A schematic diagram of the beam uniformity and power controliers is shown
in Fig. 4.10. The first step in the control sequence is to convert the horizontal and
vertical aniformity errors to microns by applying the rcspective controller gains, K,
and K, (in um/kgv). If either of these two centrol actions falls outside the

threshold window (+w), the controiler associated with the larger error is enabled.
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Fig. 4.10. Schematic of uniformity and output power controller.

The corresponding motormic is subsequently activated, and the controller mornitors

the distance traveled via the driver feedback signals.
required distance, the motormic is halted, a delay of 0.2 seconds is employed for

motion to cease completely, and the final posiuon is recorded. At this point, the

Upon
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output power controller is enabled if the uniformity control action was within the



erigr window of £15 um.

The output of the power controller is a series of 0.18 second pulses, with a
50% duty cycle. The number of pulscs is proportional to the power error, and
determined by the power controller gain, K., (in s/kW). This pulsed control output
permitted the variac to be regulated with greater consistency and accuracy (similar to
a stepper motor) than utilization of a single pulse with varying length. Following
execution of both uniformity and power control actions, a 1 second delay was
implemented before obtaining the next sample. This delay allowed the imaging
screen to respond and accurately reflect the effect of the control sequence.

Assuming that the system is operating within the linear region of the
previously described sensitivity curves, the ideal controller gains to compensate for
all errors in a single control action may be computed as follows:

1 1
Koy = —— = = -0.91 pm / k 4.1
exw = = 7110 kgv / pm wm 1 Xgv @

Koy = o = ! = -0.66 pm / kev 4.2)
K, -1.51kgv/pum

!

P 1
P KK, (1.43 A/s)(0.36 kW / A)

=1.94 s /| kW 4.3)

The system was tested with the above gains and found to perform as expected.
However, uniformity errors usually required two control steps to correct, instead of
the predicted single step. The cause was attributed to the slight reverse motion of the
motormics when they were stopped (i.e. a 10 pm movement actually traveled only
about 7.5 um), due to the axial load. Consequently, the uniformity gains, K_,, and
K.,,, were increased by about 30% to -1.2 and -0.9 um/kgv respectively. When

operating outside the linear region, the controller always required more than one

sample period (usually three) to restore optimal uniformity for a given alignment

axis.
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Closed loop response of the output power controller featured significant
overshoot for step changes greater than 0.5 kW. This characteristic was a direct
result of the imaging screen’s tisiie constant. The detector could not respond to large
power changes within the 1 second delay allotment (before obtaining the next
sample). Thus, the power controller output was limited to 0.9 seconds (5 pulses of
0.18 seconds each) per sample period, producing a 0.45 kW power change. The
backlash compensator stores the previous rotational direction of the variac. If the
particular power error necessitates variac motion in the opposite direction, a 0.5
second pulse is added to the beginning of the controller pulse train in order to

overcome this hysteresis.

4.5 Control System Performance

Performance of the contrc! system was evaluated by examining a series of
closed loop responses, and monitoring long-term laser operation with the controller
activated and deactivated. Controller gain settings K.y, Ky, and K. .¢ the
following responses were 1.2 pm/kgv, 0.9 pm/kgv, and 1.9 s/A respectively, while

the minimum uniformity error thresholds were +4.0 um for both alignment axes.

4.5.1 Transient Responses

Sample transient responses for the uniformity controller are illustrated in
Fig. 4.11. For the first graph, a horizontal error of approximately 12.5 kgv was
introduced with the controller disabled. The control system was then activated at
9 seconds. Immediately, the controller induced a 11.2 pm movement, which
eliminated the error within the 3 second sampling interval. The average (filtered)
error signal is shown for clarity and was not used for any control purpose. The
second graph depicts a similar response for the vertical controller, which was

activated at 11 seconds following the introduction of a 14.2 kgv error. As expected,
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a single 10.8 pum control action reduced the error to within preset limits in 3 scconds.

The transient output power response is presented in Fig. 4.12. The laser
power level was initially set to 2.5 k'w, following which the setpoint was changed to
4 kW (at O seconds). The controller subsequently increased the input current until the
output power reached the setpoint, in approximately 12 seconds. This level was

maintained for the remaining duration with minor adjustments to the input current.

Closed Loop Performance of Laser
Output Power Controller

5 T ¥ T T 24
= =
A 4 22 -
il -
P o
W
€ =
( 4 20 O

&
E =2
(=¥ : : , »
"-;'; 2 - .. —— Outputi Power _| 18 ¥
c i\ L T Input Current E
1 u | 1 { 16
0 10 20 30 40 50

Time (sec)

Fig. 4.12. Transient response of output power controller.

4.5.2 Steady-State Responses

The steady-state response of the system and overall improvement in laser
operation were investigated by observing long-term performance, both with and

without feedback control. It was initialiy observed that resonator alignment and
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output power degraded rapidly with time. This aspect is evident fro.n the graph of
Fig. 4.13, which reveals that laser performance (measured by the relative and total
output powers of each quadrant} decreased continually in the absence of any measure
of control or operator intervention during the first 9 minutes. However, when the
alignment and power control system was activated at 9 minutes, the power
distribution and total power of the beam recovered to their original values in
approximately 45 seconds. In the graph of Fig. 4.14, only the uniformity control
portion of the system was enabled. Thus, the relative powers in each quadrant were
kept constant, although the absolute power of each decreased with time due to an
overall degradation o taser output. This significant reduction in power was caused
by accelerated lasing gas coniamiration from a number of small water leaks and
inadequate discharge cooling. When power control was activated after a lv minute
interval, the system again recovered to its initial status in about 45 seconds. The
relatively long recovery times may be attributed to large uniformity and power errors
which are not within the linear operating range of the system.

The graph of Fig. 4.15 reveals operation with both alignment and power
control features activated. As is evident, both the output power of cach quadrant and
their relative intensities were now stabilized to within 5%. Ideally, the power in each
quadrant should be identical for a perfectly symmetric beam. However, due to minor
distorti.~ , and degradation of the aging resonator optics, the data in Fig. 4.15
reflects the best possible beam obtainable from this laser.

Time response of the power control system can be perceived from the graph
of Fig. 4.16. When operated under uniformity and nower control, the total laser
output powsr was maintained within 4% of the specified value (4 kW). This 4%
stability factor is a direct result of the minimum effactive step size of the input
current variac and the speed of the variac n.otor. *“hen the power control algorithm

was deactivated, total power decreased by approvimately 40% in the first 10 :ninutes.
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Output Power by Quadrant vs. Time for
Laser Operation without Control System
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Fig. 4.13. Performance of sysiem with uniformity and power control deactivated.
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Output Power by Quadrant vs. Time for
Laser Operation with Control System
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Fig. 4.16. Performance of power control system.
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Once re-activated, the laser output power recovered to its original value within 1

minute, with no significant overshoot.

4.6 Controller Stability Analysis

‘i'he stability of any controiler is critical to the safe and reliable operation of
the associated system. Systems which exhibit unstable oscillations may be seriously
damaged, requiring replacement of sensitive and expensive components. Certain
systems, with large time constants and limited moving parts, are designed to operate
with stable oscillations. However, systems such as the one described here, which
require motor-driven micrometer and variac motion to stabilize the outputs, do not
perform well with an oscillatory control strategy. These oscillations generally
produce excessive wear on the motors and gear couplings, especially those with
significant hysteresis. Thus, it is essential to ensure that closed loop osciliations are
minimized, and preferably eliminated.

Determining the stability of non-linear controllers is a complex task. Many
techniques, both analytical and numerical, have been devised, each possessing its own
merits.”! The use of simulation software and analytical methods to accurately model
this system was complicated, due to the complex controller design, variable sampiing
period, and possible error in the imaging screen time constant and delay.
Consequently, an experimental approach was wutilized to determine the critical gain
(gain for which system oscillates continuzlly) of the system. The three controller
gains were increased independently of each other until continuous cycling occurred
for the corresponding output after the introduction of a small setpoint change. It was
found that the critical gains for the horizontal and vertical uniformity controllers were
approximately 2.8 pm/kgv and 1.9 pm/kgv. Since the gains being used are less than
half the critical gains, the uniformity controller is stable. A similar investigation for
the outpui power controller revealed that the gair could be increased to 10 s/A (a
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factor of 5) without occurrence of oscillations. This result, due to the limit of
5 control pulses (maximum 0.45 kW power change) per sample interval placed on the
controller, indicates power controller stability. In addition to the low gains, many
software safety features were implemented to prevent execution of large control

actions, and inform the operator if error signals became excessively large.

4.7 Conclusions and Possible Enhancements

The experimental results presented herein clearly demonstrate that highly
stable performance can be obtained frora a non-sophisticated laser when using this
vision-based computer control system. Considering the relatively sluggish motion of
the power supply variac ané motormics, the delay introduced by the imaging screen's
time constant, and the relatively slow computational speed of the Amiga 2000, the
controller performed admirably. Even with the ron-optimum electrical components
identified above, overall controller response should be adequate for most industrial
processing situations.

Improvements to the control system could be made in six main areas. F irstly,
extension of feedback control to the second (concave) resonator optic could result in a
more stable output beam, since this mirror experiences similar thermal loads and

al distortions. Secondly, performance could be enhanced dramatically by
increasing computational speed with the addition of a Motorola 68030 accelerator
board operating at 25 MHz. Furthermore, implementation of a micrometer position
tracker in hardware wotld enable utilization of more conventional control techniques,
while freeing computer time and resources for more useful activities. it should also
be feasible, though considerably more expensive, to eliminate the time constant of the
thermoluminescent imaging screen by utilizing a suitable infrarec camera for direct
conversion of the laser's profile into a video format. In addition, development of

software to better analyse image data and obtain more accurate measures of
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uniformity and position would yield improved transient and steady-state responses.
Finally, if a SCR controlied DC supply is used instead of the motor-driven variac, a
much improved power stability would be expected. In this case, the stability
limitation would be determined by the sensitivities of the SCR controller and the
thermal imaging screen. Since the thermal screen can respond to power fluctuatic: ;
of about 0.5%, an overall stability better than 1% is conceivable. Five of these
possible improvements (al! - ~cept the infrared camera) were implemented in the final

design discussed in Chapter 6.
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CHAPTER 5

CONTROL OF SECOND RESONATOR OPTIC

Following successful evaluation of the singie-mirror uniformity and power
stabilization systems described in Chapter 4, the feasibility of extending control to the
second (concave) resonator optic was investigated. The motivation for this study

arose from the fact that *he single-optic controller attempts to compensate for

distortions and misalige i~erts of both cavity mirrors with only one of the optics.
Although this method pi-- v -d a substantial increase in performance, it is intuitive
that expanding feedba. - .. .:trol to include the second mirror should yield superior

results. The develop:nuint of an effective control strategy to encompass regulation of
both optics require» <:neration of supplementary error information on which to base
control decisions. Such data should be sufficiently sensitive to variations in concave
mirror position, and exhibit-a general pattern which may facilitate an operative
alignment scheme.

As a result of the relatively slow clock speed of the Amiga, and its 16-bit
architecture, performing additional computations and data manipulation would
increase the already lengthy sampling interval. Thus, an accelerator board,
containing a 25 MHz Motorola 68030 processor, a Motoroia 68882 floating point
unit, and 4 Mbytes of expansion RAM,-'2 was added at this time. The card's fas’er
clock rate and 32-bit design could increase execution speeds by 300% to 700%,
depending on the compiexity of the program code. The minimum possible sampling
period was subsequently reduced from approximately 2 seconds to 0.6 seconds,
although the average interval (including motormic movements and settling time

delays) was only reduced to about 1.8 seconds.
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5.1 Investigation of Control Strategies

Determining an effective control procedure required examination of a number
of error measures. At first, the concept that automatic alignment of the concave optic
would further increase beam uniformity appeared practical. Consequently, an overall
uniformity error measure, E,, based on the sum of absolute differences between
quadrant intensities, was derived as follows:

E, =|Q;- Q;]+|Q; —Q3|+|Q; — Q4| +|Q2 - Q3| +]Q2 - Q4| +|@3-Q4|. .1
The concave mirror position was then varied in a X-Y grid pattern, while the convex

mirror maintained beam uniformity. Each resulting grid point, depicted in Fig. 5.1,

Overall Uniformity Error vs. Concave Mirror Position

Fig. 5.1. Overall uniformity error as a function of concave mirror position.
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represents the overall uniformity error, E,;, under condittons of optimal alignment. If
the shape of this error profile was similar to an inverted gaussian surface, with a
unique and distinct minimum, the error, E,, could be used to control the concave
mirror. Since such a minimum does not exist, it was concluded that the overall beam
uniformity cannot be significantly improved with a two-mirror alignment system.
The total beam intensity (proportional to the total output power) was also monitored
at each of the grid points to determine if the concave mirror position effects laser
efficiency. However, the intensity data did not disclose any observable patterns since
the levels, including output power, remained approximately constant.

Further analysis of the data revealed the expected phenomenon of beam
steering, illustrated in Fig. 5.2. When the concave mirror is positioned such that it is
not perpendicular to the resonator axis, the controller compensates by misaligning the
convex mirror to maintain parallelism of the optics. This yields a relatively uniform

and symmetric beam, provided the following conditions are satisfied:

D.,.D,, > VAL and “;““ < JIL. 5.2)

The data suggested that beam position, characterized by its centre, varied
proportionally with concave mirror position. Although the beam centre, which was

computed based on the inner and outer beam diameters, was severely contaminated

: i
|
i

L """""""""""""" Wi 1777

Fig. 5.2. Resonator parameters to characterize beam steering.
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with noise, the general trend was clearly evident. Excessive noise was a direct result
of the Amiga's insufficient gray scales (16 levels) and the limited pixel resolution of
the digitizer (320 x 200 pixels), thereby, preventing accurate detection of beam edges
and diameters. Thus, development of adequate filtering methods and additional
measures of beam position quantification were necessary.

At this point, algorithms to compute the weighted and unweighted beam
centroids (described in Section 3.1.3) were implemented. Subsequent sensitivity
measurements indicated that the susceptibility of these signals to noise was much
greater. However, they did provide supplementary information pertaining to beam
uniformity. In the aligned state, the absolute difference between the weighted and
unweighted centroids was minimal. As the uniformity error increased, the difference
became more pronounced, with the weighted centroid drifting further from the actual
beam centre. As a result, this error signal could provide an alternate means of
uniformity control for systems possessing less noise, superior gray scale resolution,
and greater pixel densities.

A final technique to accurately ascertain the beam centre involved comparison
of intensity data to a previously acquired image of an optimal beam cross section.
This method first required storage of the series of pixel coordinates (the overlay)
which comprised the shape of the best possible output cross section. The overlay was
then superimposed on the sampled image, and the total intensity of the intersecting
area was calculated. Similar intensity values were obtained as the overlay position
was varied along the positive and negative X and Y axes, until a maximum was
reached. The overlay centre corresponding io this maximum was used to represent
the beam centre. Although this technique produced consistent results, with relatively
low noise, it increased computation time considerably. Depending on the number of
total intensity calculations required (at least five, not more than twenty), the

minimum sample time increased to over 3 seconds, with the average sample period
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(including micrometer movements and delays) being about 5 seconds. Consequently,
this method of beam centre determination was discarded, and effort was directed at
filtering the original centre signals.

Application of conventional filters to the beam centre error signals was
difficult due to the variable sampling time of the system, which prevented a suitable
choice of cutoff frequency. Thus, a simple, four-element, moving average filter was
employed, which produced acceptable steady-state results. However, if a sufficient
uniformity error existed, such that the beam was not near symmetry, the
corresponding centre calculation was in error. When uniformity was restored
(usually in less than three sample intervals), the centre remained in error due to the
phase lag of the filter, and required an additional three or four sample periods to
accurately reflect the centre position. Since this phase lag could be accommodated

with appropriate controller design, no further investigation was conducted.

5.2 Beam Steer System Model

Similar to the uniformity control system, the beam steer reduction system may
be subdivided into the horizontal and vertical feedback loops, depicted in Fig. 5.3.
As described previously, motormic speed gains, K, and K,,, are set between 10 and
20 um/s, while the motormic itself is modelled as an integrator. The laser and
infrared detector are combined into a first-order block, with gain parameters, K, and
K,,, relating micrometer motion to beam centre. The two interconnecting gains, K,
and K,,, represent variation in beam centre when the complementary micrometer is
adjusted. Additional interdependencies, K,,, and K,,,, model the disturbance to the
centre measurement when uniformity errors exist (i.e. beam cross section is not
symmetric). Signals, Uy, and Uy,, emanate from the uniformity feedback control
system illustrated in Fig. 4.2. Interconnections between the output power and beam

position control systems do not exist, since power levels are not dependent on
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concave mirror position, but only on beam uniformity.
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Fig. 5.3. Model of feedback control system for beam steer compensation.

5.2.1 MModel Parameter Estimation

The process gains, K, and K,

yp» Were determined by varying the position of

the concave mirror along the associated alignment axis, with uniformity control of the
convex optic activated. After each concave mirror movement, uniformity was
restored with the convex unit, and the position of the beam centre was recorded.
This data presented in Fig. 5.4. To overcome the phase lag of the moving average

filter, centre coordinates were stored only if uniformity error was within the
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Fig. 5.4. Sensitivity of beam centre to changes in concave mirror position.
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acceptable threshold window for at least four sampling intervals, thereby, ensuring an
accurate centre m. - . ‘ent, without noise or phase lag. Results indicate that the
responses are linear, noise margins of about 0.5 mm (1 pixel). The
cortesponding angular <~ .auon, a, was determined to be approximately 54 prad
based on the distance of the imaging screen to the centre of the resonator cavity

(about 9.3 m). Gains, pr and K, were computed from the slopes to be -20.6 and

16.0 respectively, while the interconnecting gains. K., and K,,, were
approximately zero. The error is expressed in millimeters (for better

comprehension), but is actually controlled in pixels. The associated conversion factor
may be calculated from the size of the computer monitor (26.7 x 19.7 cm), the
magnification facior of the video camera (1.88), and the digitizer's pixel resolution

(320 x 200). Thus, the conversion gains, K, and K, were computed to be 2.25

mpx mpy?

Model Parameter Value
Ky, and K, for concave optic 10 to 20 pm/s
K, process gain -20.6
K, process gain 16.0
Kmpx cONversion gain 2.25 pix/mm
Ky conversion gain 1.91 pix/mm
Kypy and K, interconnecting gains ~0
Kmp and K, when -w < U,,(s) and Uy, (s) < +w ~0
1, for imaging screen detector ~1.0s
T4 for imaging screen ~0.4s
T, for all feedback loops 0.6t02.2s
w for position controller deactivation 4 pum

Table 5.1. Estimated parameters for beam position stabilization model.
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and 1.91 pix/mm respectively. A summary of model parameters is given in
Table 5.1.
Interdependencies between the uniformity controller and the beam steer

system, K,,, and K

xup yup» May be eliminated in a manner similar to that between the

uniformity and output power control systems. When the uniformity controller
outputs, Uy, and Uy, are outside the threshold window (+w), the beam position
controller may be disabled, permitting the feedback loops to be modelled as two,
independently controlled, SISO systems. The value of the threshold, w, was chosen

to be 4 um, equivalent to the minimum error margin for the uniformity controller.

5.3 Beam Position Controller Design

As with the design of the uniformity controller, a type of optimal control was
employed for beam position stabilization, to overcome hardware limitations and
system non-linearities. A schematic diagram of the position control system is
illustrated in Fig. 5.5. Horizontal and vertical error inputs are first converted to
microns by applying the controller gains, K,x and K, (in um/pix). The signals Xr;
and Yp' (specified in pixels) denote the filtered outputs X, and Y. Since only one
micrometer may be moved at a given time, the X and Y errors are compared, and the
controller corresponding to the larger is enabled, providing the error is not within the
minimum threshold window (+w). However, the control action is performed only if
a uniformity error did not exist for the previous four sample intervals, thus,
guaranteeing noise-free centre measurements with no phase lag. Following execution
of the control action, the necessary delays of 0.2 seconds for micrometer deceleration
and 1.0 seconds for imaging screen response were implemented, and the next sample
was obtained. This sample generally contained a significant uniformity error which

automatically activated the uniformity controller to regulate convex mirror position.
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Fig. 5.5. Schematic of beam position control system tor concave mirror.

In order to restore beam position in a single control step, the controller gains

should be the reciprocal of the process gains, and may be calculated as follows:

1 (10 um / mm) .
Koxp = = = —21.6 pm / 53
P KepKmpx  (=20.6)(2.25 pix / mm) um / pix (5.3)
3
K = 1 _ (10 pm / mm) = 32,7 um / pix. (5.4)

P KypKmpy  (16.0)(1.91 pix / mm)
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After performing closed loop evaluations using the above values, gain modifications
were necessary. Firstly, the gains needed to be increased by about 15% (to 25 and
38 pm/pix respectively) to compensate for the reverse rotation of the motormics
when they are halted (explained in Section 4.4). Since the minimum error resolution
is only 1 pixel, the possible concave motormic movements are in multiples of 25 pm
for the horizontal direction and 38 pm for the vertical. However, as discussed
previously, concave movements greater than 25 pm result in large disturbances to the
uniformity error, which cause controller operation outside the modelled linear region.
Thus, the optimal nature of the uniformity controller diminishes, producing slower
transient responses. In addition, large uniformity errors at high power levels create
areas of increased power density, which may seriously damage optical components.
Consequently, the position controller was restricted to movements in 25 pm steps,
which limited disturbances to beam uniformity and permitted operation within the
linear region. The position error window was set to +1 pixel (approximately

10.5 mm) for accommodation of the noise margin.

5.4 Positional Control System Performance

Performance of the beam position control system was evaluated based on its
transient and steady-state responses, and by comparison to data obtained with only
uniformity and power control enabled. The following responses were recorded at an

output power level of 4 kW.

5.4.1 Transient Responses

Closed loop transient responses for both the X and Y position controllers are
presented in Fig. 5.6. The first graph illustrates the horizontal response, in which the
system was initially operated with only uniformity control, and a horizontal position

error of 1.33 mm (3 pixels). At 0.8 minutes, the position controller was activated,
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Fig. 5.6. Transient response of beam position controller.
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causing an immediate +25 um movement of the concave mirror. Upon digitization
of the next sample, the uniformity controller initiated motion of the convex mirror in
the opposite direction to compensate for deterioration in beam symmetry. Once
uniformity was restored for four consecutive sample periods, the position controller
initiated another +25 pm concave movement, and the process repeated until the
position error was corrected. Although the error was eliminated completely (due to
continued drifts in alignment), the position controller ceased regulation when the
error was within *1 pixel window (at about 1.4 minutes). Thus, the error was
stabilized in approximately 50 seconds.

A similar analysis of the vertical position controller's performance (shown in
the second graph) revealed that a Y centre error of 1.05 mm (2 pixeis) was corrected
about 75 seconds after the controller was activated (at 0.7 minutes). The longer
response time was due to the 25 um movement limit, which is 1.5 times less than the
preferred controller gain, K., of 38 um/pix. The plot also indicates that the
uniformity controller compensates with the convex mirror in the same direction as the
concave, instead cf in an opposite direction as for the horizontal response. However,
the vertical motormics for each mirror are mounted on opposite ends (i.e. possess
opposing moment arms), thereby causing opposite angular motion for equivalent

transverse motion.

5.4.2 Steady-State Responses

Overall performance improvement and steady-state response was examined by
observing laser operation, both with and without beam position control. Fig. 5.7
illustrates system performance with the position controller deactivated, while
uniformity and power stabilization remained enabled. Although the beam centre
originates within the error window of 0.5 mm, thermal stresses on the optics,

mounts, and laser tank, cause the centre to drift by almost 2 mm after 9 minutes of
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Beam Centre vs. Time without Position Control
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Fig. 5.8. Reduction of beam steering when position controller is activated.
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operation. This corresponds to a beam steering angle of approximately 0.2 mrad.
Increases in lasing gas contamination after 15 to 20 minutes resulted in discharge
instabilities, and prevented investigation of steering effects over longer periods of
time. Fig. 5.8 depicts system performance with position control enabled. As
evident, the controller attempts to maintain the beam cenire within 0.5 mm. If the
error drifts outside this window, the controller regulates the concave cptic to maintain
beam position, followed by the convex mirror to restore uniformity. The results
show that the beam cent-e was regulated within +2 pixels (+0.89 mm horizontally and
+1.05 mm vertically). During thes: control sequences, the cutput power remained
stabilized.

5.5 Discussion and Cenclusions

The results obtained indicate that beam steering may be reduced significantly
with the vision-based position controller described herein. This controlier maintained
the beam position within +2 pixels, which corresponds to an angular deviation of
approximately 0.11 mrad. Transient response times to resiore a 1 mm positional
error were approximately 50 seconds for the horizontal direction and 75 seconds for
the vertical.

Stability of the system is ensured since concave mirror control movements are
restricted to 25 pm steps. Since micrometer motion of this step size does not effect
the beam centre by more than 1 pixel (half the width of the error threshold window),
oscillatory responses are not possible. Theoretically, the critical gains for this type of
control scheme are twice the reciprocal of (he prccess gains, or -43.2 and
65.4 um/pix respectively for the horizenial and vertical controllers. Thus, even if
the system was operated withovt 4 minimum error window, single pixel errors would
not cause oscillations siace the 25 um movement step size is almost half the critical
gains.
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The relatively slow transient response of the system ..-:.':* be :mproved
considerably if simultaneous movement of more than one motormic wa: possible.
Such a system could incorporate feed-forward control to compensate for uniformity
disturbances (using the convex optic) while stabilizing beam position. Since this
technique would minimize loss of beam symmetry due to positional adjustments, the
delay of four sample periods to accommodate the filter phase lag may not be
necessary. In addition, modification of the system to utilize a constant sampling

period would permit use of more efficient filters, which may further increase

performance.



CHAPTER 6

FINAL DUAL-OPTIC CONTROL SYSTEM

The performance of the output beam control system developed to this point
has been evaluated exclusively on the PIE-3 CO, laser. Although this device was
capable of output powers approaching 10 kW, long-term operation at these levels was
not possible due to an inadequate cooling system and contamination of the lasing
gases. In fact, to achieve continuous operation (from startup) for 15 minutes, the
power level could not exceed 4 kW. Following each of these relatively short runs, a
down-time of approximately 3 hours was necessary for evacuation of the laser tank
and refilling of gases. Consequently, testing modifications to the software-based
controller was a laborious and time consuming task . For instance, the time required
to isolate and correct a simple program error generally necessitated system
shut-down. As a result, the majority of software debugging was performed using
video-taped results from outputs of previous runs.

In addition to limited continuous operation, the relatively low power level
prevented controller evaluation at the higher output powers used by many current
laser material processing systems. Certain specialized applications, such as those
which utilize materials of varying thicknesses and composition, require processing
over a wide range of power levels, at increased speeds. Therefore, controller testing
under these conditions is essential to fully evaluate performance. Furthermore,
incorporation of the control system into an industrial quality laser, capable of high
power levels and long-term operation, would further validate results obtained to this
point Also, this transition from a research to a more industrial environment would

demonstrate the versatility and flexibility of the system.
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The newly acquired PIE-4 laser (described in Section 2.1.2) proved ideal for
this task. Its resonator arrangement was virtually identical to that of PIE-3, enabling
the optic alignment servos (motormics) to be installed without .uch modification. Its
industrial quality design possessed many enhancements, including a chilled
water(~6 °C) gas cooling system and a superior vacuum tight cavity, which permitted
continuous operation at high power levels for up to 8 hours. Therefore, the control

system was transferred to this laser and a complete performance evaluation was

performed.

6.1 System Modifications and Enhancements

In order to implement the system on the PIE-4 laser, certain hardware and
software modifications were necessary. Firstly, the imaging screen was enlarged to
accommodate the increase in beam size. Next, optical mounts were altered for
motormic instailation. Since spaiial restrictions did not permit usage of the
differential micrometers as an intermediate drive stage, the motormics were mounted
such that they directly adjusted optical position. Fortunately, the larger moment arms
of the optical mounts reduced loads sufficiently to facilitate this modification. Unlike
the motor-driven power supply variac of the PIE-3 laser, PIE-4 incorpcrated an SCR
controlled supply. This system required an input voltage setpoint between 0 and
15 V, which corresponded to an approximate power range of 0 to 25 kW. Since the
data acquisition unit possessed two 8-bit D/A converter, one of these outputs was
used to control laser power level. To improve sensitivity of the 8-bit control signal
and to prevent large changes in output power (for safety reasons), a combination of
manual and automatic adjustment was implemented. The manual setpoint determines
the mean of the desired operating power range, while the computer-controlled
setpoint allows changes about this value. The resolution of the 8-bit D/A setpoint

permitted minimum power variations of about 0.025 kW, up to a maximum deviation
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of about £2.5 kW.

Modifications to the control system software were minimal. The increased
load on the optic alignment motormics, due to the elimination of the differential
micrometer drive stage, introduced a significant amount of hysteresis. Consequently,
backlash compensation routines were developed, similar to that for the PIE-3 power
supply variac. The only other major change was to the relay-type power control

algorithm, which was converted to standard PI (proportional-integral) controller.

6.1.1 Improvements to PIE-4 Control System

In addition to the required modifications, a number of enhancements
(recommended in Chapters 4 and 5 based on results obtained) were incorporated.
The most significant of these was the improvement to the data acquisition unit
(described in Appendix B), to include a motormic position tracker and more digital
input/output capabilities for better interfacing with external devices. The board was
designed to fit directly onto the unit card (i.e. "piggy-back” style) within the
computer. Thus, the entire data acquisition and control system was self-contained
and well shielded from noise generated by the laser's high voltage pulser. All
connecting cables were shielded, with separate shield and signal grounds, to prevent
noise from entering the computer. Due to spatial restrictions within the computer,
and the available programmable logic devices, only one 16-bit counter could be
implemented to record the positional displacement of any one motormic. This
counter could be preset to the desired movement value before activation of the
motormic. The logic was such that the motormic was halted when the counter
reached zero. Therefore, the control algorithm could continue to acquire beam image
samples and compute error signals while the motormic was in motion. Its
displacement from the starting position could be read directly from the counter, and

an absolute position could be calculated and correlated to error signal data. As a
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result of this improvement, the controller was altered to utilize a constant sampling
period, which in turn permitted design of more efficient filters for use with the beam
position controller.

A further software enhancement was developed to overcome the reverse
motion of the motormics, which occurs after they are halted. Due to the increased
load, this effect was more pronounced in the PIE-4 system, and was observed to vary
non-linearly with motormic speed. Thus, an adaptive compensation technique was
employed to monitor the actual and specified movements, and increase control actions
by the necessary factor to eliminate any difference. This gain factor was continually
updated each sample period, thereby insensitizing controller performance tc motormic
speed settings.

The higher output power levels and wider range of operation could not be
accommodated by the infrared detection screen, under conditions of constant
percentage sampling. Thus, the variable coupling rotating wand, summarized in
Section 2.2.2, was developed to ensure sensor operation within its optimal dynamic
range. The second D/A output of the data acquisition unit was utilized to issue a 0 to

15 V setpoint to the associated rotational speed controller (detailed in Appendix A).

6.2 System Overview and Apparatus

A schematic diagram of the complete measurement and control system for the
PIE-4 laser is illustrated in Fig. 6.1. The laser output was sampled with the variable
coupling wand and directed onto the imaging screen. The resulting intensity profile
information was then digitized and analysed using the image processing system
described previously. Each of the resonator optics was controlled with the alignment
apparatus utilized in the PIE-3 systems. This consisted of two motormic drivers for
the convex and concave mirrors, with each driver controlling two motormics (the

horizontal and vertical). The 16-bit counter added to the data acquisition unit
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monitored the direction and displacement signals (DIR and CNT) for the active
motormic, to maintain relative position. The unit's two 8-bit D/A cutputs acted as
the setpoints for the rotational wand speed controller and the input power supply.
Input current was monitored using a current shunt and an isolation amplifier, while a
resistive divider network provided input voltage data. Each was a 0 to 5 V signal,
linearly proportional to the actual values. Monitoring of the input current and voltage

permitted on-line calculation of overali laser efficiency.
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Fig. 6.1. Schematic diagram of experimental setup and apparatus for PIE-4 system.
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The PIE-4 laser did not possess a sampled power measurement systera similar
to the PIE-3 device. Instead, a pneumatically controlled sliding mirror reflected the
output beam into a rotating cone calorimeter > (shown by dashed lines in Fig. 6.1).
Thus, direct power measurement could not be performed without interruption of the
laser application, further emphasizing the need for an on-line power monitoring
technique. The output from the calorimeter (0 to 5 V) was also linearly proportional
to the laser power level. This signal was only utilized to calibrate the infrared
detection screen and obtain an intensity-power gain factor. Once calibration was
complete, the beam could be returned to the laser process, while power stabilization

and measurement was performed based on imaging screen intensity information.

6.3 Complete System Model

The final system model consists of the beam uniformity, beam position, and
output power control systems, discussed in Chapters 4 and 5, and the coupling
percentage controller used to maintain optimal sampling levels. Since all
interdependencies among feedback control loops were eliminated on the PIE-3
system, with appropriate controller design, the corresponding interconnecting blocks
have been removed from the overall system model. Thus, the final MIMO system
may be subdivided into six individually controllable SISO systems - the horizontal
and vertical beam uniformity control system, the horizontal and vertical beam steer

reduction system, the output power regulation system, and the sampling percentage

control system.

6.3.1 Alignment Control Systems

The four feedback control loops of the uniformity and beam position systems
are depicted in Fig. 6.2. System models are virtually identical to those of PIE-3,

except for inclusion of motormic hysteresis blocks due to the increased loads. The
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Fig. 6.2. Model of complete resonator alignment control system.

gain varameters Kyq,, Ky, Kysp, and Ky, represent motormic speeds, which are

ysp?
manually set between 5 and 10 pm/s. These settings are considerably slower than
those used during testing of the PIE-3 system, as a direct result of the elimination of
the intermediate micrometer drive stage. Increasing these values above 10 pum/s
prevented execution of small motormic adjustments, thereby degrading system

performance. The laser and infrared detector are again combined into a single block,
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with the uniformity process gains, K,, and K, (in kgv/um), relating uniformity error
to motormic displacement, while the beam steer process gains K,p and K, perform a
similar function for the position error. Gain blocks K, and K,,,,, in the beam
position feedback loops, convert error signals from millimeters to pixels for
comparison to the setpoint. As a result of the increased size of the PIE-4 beam cross
section, these factors decreased to 1.89 pix/mm for the horizontal direction and
1.60 pix/mm for the vertical. The change to a constant sampling period facilitated

selection of the position error filter type from one of the following three: four

element moving average, first order low-pass, or third order Butterworth.

6.3.2 Power and Intensity Control Systems

Closed loop models for the output power and coupling percentage regulation
systems are illustrated in Fig. 6.3. The first loop details the sampling percentage
control system. The wand's rotational speed controller is represented as a first order
block with delay, and requires an input setpoint, U, in volts. Its, gain factor, X,
produces a change in rotational speed (in RPM) depending on the voltage setpoint
variation. The speed output of this block is converted to a coupling factor via the
gain K (in RPM'I), and is finally expressed as a screen intensity value following
multiplication with the detector gain K; (in kgv).

The output power stabilization loop comprises two gain blocks, K, (in A/V)
and K,,, (kW/A), which model the input current controller and laser discharge
respectively. The detector gain, K,;, performs the power to intensity conversion,
which must later be reversed (after sampling) to obtain a power measure in kilowatts.
Although this gain is expressed as a constant for simplicity, it is actually a function of
the wand speed controller setpoint, U,. Any modifications to the coupling
percentage produce a change in total screen intensity, which the power controller

perceives as a variation in output power. Consequently, modifications to the
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rotational speed controller setpoint must be accompanied by simultaneous changes to

the gain factor K,;, in order to compensate for any variation in screen intensity.
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Fig. 6.3. Model of output power and variable coupling wand control systems.

6.4 Model Parameter Estimation

The gains, delays, and time constants for all modelled processes were
obtained in a similar manner to that described in Section 4.3 (for the PIE-3 system).
The only significant improvement was the more accurate determination of the
infrared detector's time constant and delay. This was accomplished with the use of
the MATLAB matrix manipulation software's system identification functions, "+
and the necessary open loop step responses. Since the minimum execution time for
one complete loop of the error computation and control algorithms was approximately
0.6 seconds (assuming exclusive access to the microprocessor), a constant sampling

period, T,, of 1 second was employed for all following performance responses. The
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extra 0.4 seconds between samples permitted concurrent execution of additional
programs, such as the 2D and 3D beam profile software, without lengthening the

control loop execution time over 1 second.

6.4.1 Uniformity Process Parameters

Uniformity control system parameters were ascertained by performing open
loop step responses along both alignment axes. In order to obtain more accurate gain
measurements and determine motormic hysteresis, the position of each resonator
optic was varied in both X and Y directions and the corresponding uniformity error
was recorded. Results are presented in the graphs of Fig. 6.4 (for the convex mirror)
and Fig. 6.5 (for the concave optic). The two distinct plots of each graph represent
data obtained by micrometer activation in the positive direction, followed by
movement in the negative direction. The average horizontal separation between the
two data sets designates the size of the hysteresis window (2/). Subsequent testing
revealed slight overshoots when these exact hysteresis values were utilized by the
compensation algorithm. Hence, all backlash values were reduced by 0.5 pm.

Contrary to the PIE-3 resonator system, both concave optic uniformity gains,
K., and K, are less than thoss for the convex mirror. This feature indicates that
finer adjustments to overall uniformity is possible utilizing the concave optic, instead
of the previously used convex unit. The controller design was such that the user
selected mirror (which could be changed on-line) regulated the uniformity error,
while the deselected optic controlled beam position. Consequently, the control
strategies for the two mirrors were reversed to incorporate uniformity error
stabilization with the concave optic and beam position control with the convex
mirror. The controller effectively compensated for motormic backlash by storing the
direction of the last control movement. If the next control action required motion in

the opposite direction, the specified movement for the particular motormic was
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increased by its hysteresis value.

Since the concave mirror was now being employed for uniformity control,
open loop step responses were performed on this optic to ascertain the imaging
screen's time constant and delay. Data was acquired by first stabilizing beam
uniformity to an optimal condition, then deactivating all control systems, and
initiating the desired posiiive and negative step changes.

The discrete and continuous models of the horizontal uniformity process were
obtained using the MATLAB program. First, the backlash was removed from the
micrometer position data. Next, all data was offset such that they possessed a mean
value of approximately zero, since the system identification routines yielded more
accurate results when the model is expressed in terms of perturbation variables.
From examination of the data, it was evident that the X uniformity error responds to
setpoint changes after one or two sample periods, depending on hysteresis effects.
Thus, the process deley T, was assumed to be about 1.5 seconds (an averaged
value). Since this delay is not an exact multiple of the sampling period, the modified
Z-transform approach wa~ used to derive the following first order, discrete-time
transfer function:

iy L X @YY (B by
D U™ 1-az” ©b

where X, is the horizontal uniformity error, U,, is the horizontal motormic
movement, and a,, b,, and b, are the model parameters to be estimated. The process

delay, d (in number of sample periods), is defined as:

d = integer portion of (%:‘-’-], (6.2)

and was calculated to be 1 sample interval. The input-output DARMA (Deterministic

Auto-Regressive Moving-Average) form corresponding to the discrete model,
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expressed as:

Xn=aqX,(n-1H)+bU,,(n-d)+bU,(n-d-1), (6.3)
was used in conjunction with the batch least squares technique to estimate model

parameters. The least squares estimate of the parameter vector, ®, is given by the

following equation:

o= (@ch)-l oTX,. 6-4)

Since the derivation of this equation is well documented,52 only the final result is
presented. The parameter vector, ©, input-output (I/O) matrix, @, and output

vector, X, are structured as follows:

(X,(d+2) Uy U | (X, (d+3)]
] Xu (d + 3) Uxu (3) Uxu (2) Xu (d + 4)
@=|h| ®=|X,d+4 Uy,@® U@ |, X, =|X,(d+5%]
b, : : : :
X,(N—-1) Uy,(N-d-1) Uy (N-d-2) X, (N)

where N is the total number of samples. From the discrete-time parameters, a

continuous domain model of the form:

X,(s)  Kge ™

G = = 6.5
@)= & - 14 ©3)
may be derived, where the process gain and time constant are defined as:
=7
= 6.6
b +b,
K, = . 6.7
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Equation 6.4 was solved using the MATLAB system identification functions

to yield the following discrete model for the horizontal uniformity process:

GzhH

1-0.658z71

_ X,z _ (1L41+0.64627)27¢
Upo(z71)

(6.3)

The analogous continuous domain transfer function for a sampling period of 1 second

was:

G (5)

Xu(s) _

5.99¢7 155

U ()

142.39s5°

©

9

Since discrete models do not enable easy interpretation of their parameters (in ierms

of gains and time constants), all following models will be presented only in

continuous form. The response of the model of equation 6. is depicted in Fig. 6.6,
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along with the corresponding raw data and setpoint change of about 2 um. The
vaiue of K, computed from the step response (5.99 kgv/um) agrees with that from
the sensitivity data of Fig. 6.5 (5.79 kgv/um). Since the gains computed in Fig. 6.5
were obtained from an average of data points over a wider operating range, these
values will be used for subsequent computations and analysis. The time constant for
the imaging screen detector, as derived from the model, was 2.39 seconds.

A similar analysis was performed for the vertical uniformity process. The
resulting continuous transfer function, computed from the open loop 1/0 data using

the batch least squares technique, was:

Y,(s) _ 5.13¢715¢

G,,(s) = = . 6.10
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The simulated model response and the associated raw data is illustrated in Fig. 6.7.
The process gain, K, , of 5.13 kgv/um is again comparable with that obtained from
the steady-state data of Fig. 6.5, while the time constant of 2.69 seconds also agrees
with that computed from horizontal response data. For the purpose of simplicity, an
average value of 2.54 seconds will be assumed for both X and Y uniformity

processes.

6.4.2 Beam Steer Process Parameters

Certain parameters of the beam position coatrol system, such as the motormic
hysteresis, imaging screen's time constant, and process delay, have already been
determined from analysis of the uniformity system responses. Thus, the only model
parameters remaining to be estimated are the process gains, K, and K, and the
millimeter to pixel conversions, K, and K.

Process gains were ascertained in a similar manner to those for the PIE-3
system (described in Section 5.2.1), except for the reversal of the functions of the
two resonator optics. The position of the convex mirror was varied along both
alignment axes, while the concave optic maintained beam uniformity. Following
each convex movement, a set of positional data was stored once beam uniformity was
restored for four consecutive sample periods. This eliminated any phase lag from the
moving average filter, and provided an accurate beam centre measurement. The
sensitivity data obtained is depicted in Fig. 6.8. As evident, beam centre is linearly
proportional to micrometer position, with a noise margin of about 0.6 mm
(x1 pixel).

The conversion gains, K, and K., were calculated from the computer
monitor J&imensions, camera magnification factor, and pixel resolution of the

digitizer. The only difference for the PIE-4 system was a smaller magnification

factor of 1.58 (due to the larger beam cross section), which resulted in horizontal and
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Fig. 6.8. Sensitivity of beam centre to changes in convex mirror position.
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vertical conversion gains of 1.89 pix/mm and 1.60 pix/mm respectively. Based on
these values, and the distance from the detection screen to the midpoint of the
resonator (about 9.9 m), the mi~.mum resolvable angular deviation of beam

propagation direction is approximately 60 urad.

6.4.3 Variable Sampling Process Parameters

Much of the data necessary for estimation of the variable coupling percentage
system has been presented in Section 2.2.2. The open loop response of the wand
speed controller, previously illustrated in Fig. 2.10, revealed a controller time
constant, T, of 0.141 seconds and a process delay of 1 second. Gain parameters,
K., and K,,, were computed to be -38.4 RPM/V and -9.41 x 10 respectively, from
the slopes of Fig. 2.9 and Fig. 2.8. These gains may vary due to increases in AC
motor temperature and changes in frictional forces between wand components.
However, the speed controller bases its output on the width of the wand's feedback
pulse (i.e. amount of reflective surface which is exposed). Thus, the product of the
two gains remains constant, and any individua! variations do not affect system
performance.

The sensor gain, K,;, was obtained by varying the sampling percentage and
recording the corresponding screen intensity data, while maintaining optimal beam
uniformity with the concave mirror. Measurements of coupling percentage
represented an average of 25 data values, in order to reduce excessive contamination
with noise. This data, depicted in Fig. 6.9, indicates a gain, K,;, of 2.28 x 107 kgv.
The time constant of the model, t,, was determined from a least squares analysis of
an open loop step response. The simulated response of this model, given by:

S(s) _ 89.8¢7 135
U,(s) 1+45.23s°

Gy (s) = 6.11)

and the actual open loop step data, are presented in Fig. 6.10. The wand speed
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Screen Intensity vs. Variable Wand Coupling
Percentage for PIE—4 Laser
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controller setpoint change of +0.2 V corresponded to a sampling percentage variation
of approximately 10.075%. Overall model gain of 89.8 kgv/V compares well with
the value of 82.3 kgv/V, which is the product of the three individual process gains,
K., (-38.4 RPM/V), K., (-9.41 x 10), and K,; (2.28 x 10™ kgv). The time constant
of 5.23 seconds is considerably longer than the previously computed values, due to

the relatively large global change in screen intensity (about 20 kgv).

6.4.4 Output Power Process Parameters

As a result of its SCR controlled power supply, the output power process was
modelled as two simple gain blocks. The value of the first gain parameter, K,,, was
obtained by varying the discharge current setpoint and observing subsequent changes
to the current level. The resulting linear response, with a slope of 0.534 A/V, is
presented in Fig. 6.11. The second gain value, K,,, was determined in a similar

manner by varying the input current and monitoring corresponding output power.

Input DC Current vs. Current Controller
Setpoint for PIE—4 Laser
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Fig. 6.11. Relation between input DC current and current controller setpoint.
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The recorded data, depicted in Fig. 6.12, indicates a relatively linear relationship,
with a slope of 0.696 kW/A. As evident, the response deviates slightly from its
linear behavior for power levels above 9 kW. Since this research limits testing to
output powers under 10 kW, the constant gain approximation is valid. However, if

operation at higher power levels is desired, the software based controller can be

easily modified to accommodate a non-linear relationship.

Laser Output Power vs. Input Current
for PIE—4 Laser
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Fig. 6.12. Dependence of output power on input DC current.

Due to the introduction of the variable coupling wand, the gain parameter for
the infrared detector, K; , could not be estimated as a constant. Instead, it must be
modelled as a function of the wand speed controller setpoint, U,,. Consequently, a
series of data sets relating total screen intensity to output power, for varying wand
controller setpoints, was obtained. This data, illustrated in Fig. 6.13, indicates an

increase in detector gain (slope of each plot) as the speed controller setpoint decreases
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Total Beam Intensity vs. Output Power for
Varying Wand Speed Controller Setpoints
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Fig. 6.13. Intensity-power relation for varying wand speed controller setpoint.

(i.e. coupling percentage increases). This result is expected since the optimal range
of power with which the imaging screen may be irradiated remains constant (25 to
35 W). Thus, an increase in sampling percentage must be accompanied by a
reduction in the maximum possible variation in output power of the laser, in order to
maintain imaging screen power within the 25 to 35 W limit. Each of the gain values
calculated from Fig. 6.13 is plotted in Fig. 6.14 as a function of the speed controller
setpoint. Provided that the system operation is restricted to wand setpoints between
8.5 and 11 V (which corresponds to an acceptable output power range of about 2 to

10 kW), the resuiting relation may be linearly approximated as:

K,;(U,) = 20.97U,, — 166.4, (6.12)
where K,; is specified in gv/W. If operation at power levels outside these limits is
necessary, the response in Fig. 6.14 may be approximated as a cubic (indicated by
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Intensity—Power Gain, K.,» vs. Wand Speed
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Fig. 6.14. Imaging screen gain as a function of the wand speed controller setpoint.

the dashed line) and expressed as:

K,;(U,) = —2.480UJ, + 74.34U2 - 719.4U,, + 2283 (6.13)
The offset (zero order term) for each of these equations may be recalibrated on-line if
process parameters have changed significantly.

Since modifications to output power necessitate a global change to total screen
intensity, rather than the local variations caused by uniformity errors, an open loop
step response was performed to determine the associated infrared sensor time constant
and delay. Analysis of data from a +0.5 kW step change (current controller setpoint
change of +1.5 V) revealed a process delay between 1 and 2 sample periods. Thus,
an average value of 1.5 seconds was assumed. A least squares estimate of the 1/0

data (similar to that described in Section 6.4.1) yielded the following first order
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continuous model:

G.(s) = P(s) _ 0.376e71-3¢
P Uy(s) 1+3.045 °

(6.14)
This model response and the associated raw data is illustrated in Fig. 6.15. Output
power was monitored directly with the calorimetric power meter and obtained from
screen intensity data. The process gain of 0.376 kW/V agrees with the expected
value of 0.373 kW/V, derived from the product of K, and K,,,. Since the data was
obtained for a wand controller setpoint of 9.2 V, a conversion gain, K, of
26.5 gv/kW was evaluated from equation 6.12, and utilized to determine output

power from total intensity measurements. The detector time constant of 3.04 seconds

is approximately 15% greater than that for the uniformity process, indicating that the

Open Loop Power Step Response for
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Fig. 6.15. Open loop response of output power to a change in current

controller setpoint.
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imaging screen requires a longer time period to respond tc global intensity changes.

Tables 6.1 and 6.2 summarize all estimated system model parameters.

Model Parameter Value
General System Parameters
T, for all feedback loops 1.0s
T, for imaging screen 15s
Uniformity Process Parameters
Ky, and K, for concave optic 5 to 10 pm/s
K,, for concave optic 5.79 kgv/pum
K, for concave optic 5.56 kgv/pm
K,, for convex optic -6.78 kgv/um
K, for convex optic 6.57 kgv/pm
T, for imaging screen 254s
h (hysteresis) for horizental concave motormic 4.3 um
h (hysteresis) for vertical concave moturmic 13.8 um
h (hysteresis) for horizontal convex motormic 3.2 um
h (hysteresis) for vertical convex motormic 5.3 pm
Beam Steer Process Parameters
K,sp and K, for convex optic 5 to 10 um/s
K, process gain 47.9
K, process gain -54.7
K px cOnversion gain 1.89 pix/mm
Knpy conversion gain 1.60 pix/mm
v, for imaging scréen 2545
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Table 6.1. Estimated parameters for beam uniformity and position control systems.




Model Parameter Value

Variable Sampling Process Parameters

K, for wand speed controller -38.4 RPM/V
K, for variable coupling wand -9.41 x 10° RPM ™
K,; for imaging screen 2.28 x 10* kgv
T, for wand speed coniroller ~1s

t,, for wand speed controller 0.141s

1, for imaging screen 5.23 s

Output Power Process Parameters

K,, for input current controller 0.534 A/s
K,,, for laser 0.696 kW/A
K,; for imaging screen detector AU gviIW
1, for imaging screen 3.045s

Table 6.2. Estimated parameters for output power and variable sampling systems.

6.5 Controller Operation and Design

Overall controller cperation has been discussed in Section 3.1.4. The general
flowchart of the controller algorithm, presented in Fig. 3.5, details all aspects of
control sequences and the associated conditional logic. Thus, this section will focus

mainly on the tuning of all control systems and any enhancements not previously

described.

6.5.1 Beam Uniformity Controller

The uniformity controller used in the PIE4 system is identical to that for

PIE-3 laser, described in Section 4.4 and Fig. 4.10. The only improvement is in the
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design of the motormic position tracker, which has been implemented in hardware.
A typical control sequence involves computation of the required motormic
movements, by application of the controller gains (K_,, for the horizontal error and
K.,y for the vertical) to the uniformity errors. The 16-bit counter is set to the larger
of the two movements, and the apprcpriate concave mirror motormic is activated.
Upon commencement of the next sample period, rzquired movements are again
calculated. However, before execution of the control action, the status of the 16-bit
counter is examined. If the previous movement has not yet completed, the counter is
read, data values are updated, and no uniformity or position control action is
performed. FErrors in output power or screen intensity may still be corrected,
provided the necessary conditions are satisfied. At motormic speed settings of 5 to
10 um/s, average uniformity control actions execute in the allotted 1 second sampling
interval. The error window was set to +0.5 pum, which accommodated the process
noise margin.

Since controiler design was modified to incorporate a constant sampling rate,
the necessary delays implemented in the PIE-3 system (for the imaging screen to
accurately respond) are not present. Thus, the optimai controller gains (i.e. the
reciprocal of the process gains) could not be utilized due to ensuing stable
oscillations. Although general operation is that of a relay-type system, controller
design actually regulates motormic movements in proportion to corresponding error
signals. Consequently, proportional controller tuning techniques could be used to
determine initial gain values. A more recent method, based on the integral of time

absolute error (ITAE) c:riterion,76 given by:

-1.084
0.490| T,
K = ———|2%< , 6.15
¢ X [t’} (6.15)

for a simple proportional controller, was used. This yielded a horizontal uniformity
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gain, K,,, of 0.135 pm/kgv and a vertical gain, K.,,, of 0.180 um/kgv. Closed
loop performance testing indicated slight oscillations for uniformity step responses.
Thus, both X and Y gains were decreased to 0.120 and 0.140 um/kgv, which

resulted in acceptable transient responses with no overshoot.

6.5.2 Beam Position Controller

The beam position control system operates as described in Section 5.3. Upon
existence of horizontal and vertical position errors, the convex optic motormic
corresponding to the larger of the two is activated, providing the uniformity error is
within its threshold window. The additional requirement of optimal beam uniformity
for four consecutive sample intervals, to comp msate for filter phase lag, was
abolished due to the faster sampling rate.

Optimal controller gains, K, and K,

cyp> Tequired to eliminate position errors

in a single control action, are given by:

K. = 1 _ (103 pm / mm)
P KpKppx  (47.9)(1.89 pix / mm)

= 11.0 pm / pix (6.16)

K. - 1 _ (10 um / mm)
cyp K, K., (-54.7)(1.60 pix / mm)

= —-11.4 pm / pix. 6.17)
py

However, using these settings introduced large disturbances to beam uniformity,
since the minimum possible movement (for an error of 1 pixel) is about 11 um.
Further investigation indicated that maximum convex movements of 5.5 pm produced
minimum disturbances to beam uniformity, enabling the concave optic to compensate
in a few sample periods. In addition, beam symmetry was sufficiently preserved to
prevent erroneous measurement of beam diameters and centres. This aspect,
combined with the faster sampling rate, significantly reduced phase lag effects of the

filters.
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6.5.3 Sampling Percentage Controll_ .’

The variable coupling controller acted independently of all other systems to
maintain total screen intensity within an optimal range of 70 to 110 kgv. Its
relatively simple design was based on the overall system gain of approximately
85 kgv/V. The controller monitored total beam intensity until a value outside the
error window of 70 to 110 kgv was obtained. At this point, a wand speed controller
setpoint change was issued to restore screen intensity to the centre of the operating
range. Following each wand control action, a delay of 5 sample periods was
observed before any further changes to the speed controller setpoint were executed.
This precaution permitted sufficient time for the imaging screen to respond, due to
the relatively large process time constant of 5.23% seconds. The speed controller
setpoint was modified in steps of 0.2V which corresponded to an intensity change of
approximately 20 kgv. Consequently, if either extreme of the error window was

reached, operation was returned to the optimal intensity value of 90 kgv with a single

control action.

6.5.4 Output Power Controller

The design of the output power control system was altered from the previous
relay-type strategy to a standard PI controller. Integral action was introduced to

improve steady-state performance. The general form of a centinuous PI controller is

as follows:

u(?) = Kcl:e(t) + %j a(t)dt], (6.18)

where K is the controller gain, T; is the integral or reset time, u(r) is the controller
ou:put, and &(f) is the error signal. The positional form of the discrete PI algorithm
can be derived from equation 6.18 by rectangular approximation of the integral term.
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This result is given by:

n
u(n) = Kc[e(n) + %:é- > e(i):|. (6.19)
Since a differential algorithm is more suitable for computer implementation, the
velocity form of equation 6.19 may be obtained by introducing the following change
of variable:

Au(n) = u(n) — u(n — 1). (6.20)

The subsequent incremental PI algorithm, given by:T’

Au(n) = Kc[a'(n) —&en-1)+ —;%a(n)], 6.21)

1

was implemented in software to form the basis of the output power controller.

Initial power controller parameters were calculated using the ITAE method as

follows:
\-0.977
0.859( Ty
K, =—""|"4d 6.22
cp X (‘t. (6.22)
0.680
Ti=1.484r,(1<'-) . (6.23)
8

Based on these criteria, a power controller gain, X, of 4.59 V/kW and an integral
time, T;, of 2.79 seconds were used to initially test performance. Analysis of closed
loop data revealed fast transient responses with significant overshoots and
oscillations. However, further tuning produced acceptable results following a
decrease in the proportional gain, K, to 1.0 V/KW and an increase in T; to 5.0

seconds. A summary of all controller parameters is presented in Table 6.3.
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Controiler Parameter Value
K., for horizontal uniformity controller 0.120 um/kgv
K., for vertical uniformity controller 0.140 pm/kgv
K., for horizontal position controller 5.5 pm steps
K., for vertical position controller 5.5 pm steps
K., for variable sampling controlier 0.2 V steps
K., for output power controller 10 V/kW
T; for output power controller 5.0 seconds
w (error window) for uniformity - :atroller 0.5 um
w (error window) for position controller +1 pixel
w (error window) for variable sampling controller 20 kgv
w (error window) for power controller deactivation 2.0 pum
w (error window) for position controller deactivation 0.5 pm

Table 6.3. Controller parameters for all feedback systems.

6.6 System Performance

Closed loop performance of all control systems was evaluated from a transient
and steady-state perspective. In addition, the sensitivity of output signals to external
disturbances was examined, along with overail improvement in laser operation.
Controller parameter values listed in Table 6.3 were utilized for all following

responses, which were obtained at an average output power level of 5 kW.

6.6.1 Uniformity Controller Performance

Closed loop step responses of the horizontai and vertical uniformity

controllers are depicted in Fig. 6.16. Following initial optimization of beam
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Fig. 6.16. Transient closed loop uniformity response for small setpoint changes.
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Closed Loop Uniformity Response
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Fig. 6.18. Closed loop response of uniformity controller to external disturbances.
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uniformity, the controller offsets were modified by +8.0 kgv. The resulting response
reveals that steady-state values are reached in 4 to 5 seconds. Plots of the
corresponding control actions indicate error compensation with no overshoot.
Fig. 6.17 illustrates similar responses, but for larger step changes (£40 kgv).
Response times are slightly longer (6 to 8 seconds) with a single characteristic
overshoot, due to the increased time constant for large (global) intensity variations.
Steady-state uniformity controller performance and its response to external
disturbances is depicted in Fig. 6.18. With only the uniformity and power controllers
activated, disturbances to beam uniformity were introduced with the convex (position
control) optic. The results indicate that uniformity is restored within 4 to 8 seconds,
depending on the magnitude of the disturbance. Also evident is the poorer
performance of the vertical motormic due to its larger hysteresis v-'ue (13.8 um as
compared to 4.3 um for the horizontal direction). The performance of the system
was also investigated when both X and Y uniformity errors co-exist. Simultaneous
changes to the horizontal and vertical offsets required approximately twice the length
of time to execute. A similar response was observed for concurrent introduction of X
and Y disturbances. This performance characteristic was expected since only a single

motormic can be operated at any given time.

6.6.3 Beam Position Controller Performance

Transient responses for the beam position control system are presented in
Fig. 6.19. Initially, the horizontal position error resided within 1 pixel of the
setpoint, shown in the first graph. Hence, beam uniformity was maintained, with no
position control actions being executed. At 55 seconds, the horizontal position
setpoint was modified by 1 pixel, which activated the position controller to regulate
the convex mirror. Following each convex mirror movement, the resulting

disturbance to the uniformity process was corrected with the concave optic. Each
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Closed Loop Position Response
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Fig. 6.20. Closed loop response of position controller to external disturbances.
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uniformity disturbance peak represents a corresponding convex mirror movement of
5.5 um. After nine successive steps, beam position was aligned within 1 pixel of the
setpoint (in approximately 48 seconds). At 161 seconds, a negative step change was
instigated, with similar results. The second graph depicts the vertical position
response for both positive and negative step changes. A positive step of 3 pixels was
completed in about 2 minutes, while the negative step of 1 pixel was executed in
43 seconds. As noted previously, the inferior performance of the vertical uniformity
motormic, due to its large hysteresis window, is readily apparent.

The response of the system to external disturbances is illustrated in Fig. 6.20.
During steady-state operation, large movements of the convex optic (about 130 pm)
were introduced by manual misalignment. In all cases, subsequent disturbances to
both the position and uniformity errors were corrected in approximately 30 to 45
seconds. Beam position was then maintained within 1 pixel (+60 prad) of its
specified value.

6.6.3 Sampling Percentage Controller Performance

The closed-loop performance of the coupling percentage controller is
illustrated in Fig. 6.19. Since the optimal range of the detector is between 70 and
110 kgv, the system was initially operated at an intensity level of about 85 kgv. The
laser power was then increased (at approximately 12 seconds), which resulted in the
screen intensity exceeding the upper limit of 110 kgv. Immediately, the coupling
percentage is decreased by instigating a -0.2 V wand speed controller setpoint
change, which returned total intensity to its previous state. At 45 seconds, the output
power was reduced to its initial value. The subsequent intensity change caused the
coupling percentage to be increased, and beam intensity was restored to its optimal
value. The wand assembly was tested at power levels ranging from 1 to 12 kW,
which resulted in sampling from 2% to 0.25% of the ouiput respectively.
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Closed Loop Performance of Sampling
Percentage Controller
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Fig. 6.19. Response of sampling percentage controller to intensity disturbances.

6.6.4 Ouiput Power Controller Performance

The response of the output power PI control system to changes in controller
setpoint is depicted in Fig. 6.22. The output power was controlled based on the total
screen intensity (using the necessary conversion gains), provided the uniformity
process control action was within #2.0 um. Power levels were measured directly
with the laser's calorimetric power meter. The resulting data revealed that
steady-state values were reached 5 to 1C seconds after a setpoint change. The
associated controller output (the input to the laser's current controller) data indicates
no overshoot or oscillations. Fig. 6.23 depicts closed loop response to disturbances
in output power caused by changes to the manually controlled setpoint. In each case,

output power level was restored to the computer-controlled setpoint of 5 kW
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Closed Loop Power Step Response
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Fig. 6.22. Closed loop response of power controller to setpoint changes.
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within 30 to 45 seconds.

6.6.5 Overall System Performance

Similar to overall evaluation of the PIE-3 system, operation of the PIE-4 laser
was examined with control systems disabled and enabled. Although the PIE-4 beam
parameters do not degrade as rapidly, due to its improved design, a considerable
enhancement in system performance was still observed.

The three graphs of Fig. 6.24 depict laser operation with the corresponding
controllers deactivated. For the top graph, all control systems, with the exception of
the sampling percentage controller, were deactivated. As evident, beam uniformity
drifts coatinually in a random pattern. Error signals ia this graph have been filtered
for better visualization and clarity * Th. middle graph illustrates the concept of
beam steer. With both uniformity and power ccntrollers enabled, beam position was
monitored from initial startup. Results mdicated that the overall beam position
drifted by as much as 2 mm. The bottom graph reveaks variations in output power
with only the uniformity controller activated. Although power levels remain
relatively constant, an immediate improvement in perceived when the power
controller was enabled at 14 minutes.

The performance of the iaser with all control systems activated is illustrated in
Fig. 6.25. The relatively large disturbance to beam uniformity during the first
3 minutes of operation was a result of convex mirror movemens initiated by the
position controller. However, once initial position and uniformity errors were
corrected, steady-state values were maintained. The output power was stabilized

from startup to within 0.2 W. This 4% error is a direct result of the resolution of

* Data was filtered for presentation utilizing a third-order Butterworth, which was
implemented using the MATL.AB program. Corresponding phase lag was eliminated by
applying the specified filter in both the forward and reverse directions.
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Bo Uniformity Response

x 30 T . ! T

. 20 + e X Uniformity ..
(= —— Y Uniformity

o 10 :

&3 INLAA o A
m 0 N K)OAWO( N

= —10 | VNS YA -

g —-20

= =30

:‘3: 4] 2 4 6 8 10 12 14 16 18

Time (min)

’g Position Response
3
g
St 2+ - ‘
. L AL S T
Ty
g —1 ; :
° -2 LY. —— X Posiuion
j_-_: —— Y Position
(] _3 |
& 0 2 4 6 8 10 12

Time {(min)

Output Power Response

Activated
|

8 10 12 14 16 18

Time (min)

E 6.0 :

&

=~ 5.0 :

B

;3 5.0 AW g R e g x |
P

-S 4.5 czxf:oner ]

B

"5 4.0

o L]

o
N
e
o

Fig. 6.24. Performance of laser system with control systems deactivated.

133



QJBLCLLL A WA ANVAE BAAGCASA S s *% & wa—— —— — — — ——

Uniformity Response

! 1
= X Uniformity —_—
—— Y Uniformity

V- oY)

6 8 10 12 14 16 18

Time (min)

Position Response

3 o
2 |- . e
) S 1) AL ALAY)Y E T
Ty |
0 f |
_..1 ! ‘:
-— X Posiu ; .
-2k ___y p‘éiii'.?f; R
-3 ' R
0 2 4 6 8 10 12
Time (min)
Output Power Response
6.0 ,
5.5 '
5.0 Priiuerin, | NP — Mg
bowe
4.5 Controller ]
Activated
4.0 :

0 2 4 6 8 10 12 14 16 18
Time (min)

ig. 6.24. Performance of laser system with control systems deactivated.

133




the laser's input current controller. This unit is designed to oscillate within its error
window, which in turn produces oscillations of the output power. Attempting to
compensate for this condition via the software controller is futile due to the imaging

screen's relatively long time constant.

6.7 Control System Stability

The stability analysis for the PIE-3 controller required experimental
determination of critical gain values, due to the lack of accurate process models.
Although more detailed modelling of the PIE-4 system was performed, non-linear
controller design for uniformity stabilization necessitates the use of a similar
experimental approach for stability analysis of this system. However, the linear
design of the output power controller enables oscillatory behavior to be examined
using mathematical techniques. For this system, the MATLAB program and its
control system toolbox was used to simulate system performance as controller gains
were increased.’®

The beam position control system is highly stable due to its design, which
limits controller outputs to 2 maximum of 5.5 un:. Since this amount of motion
does not ¢ifect the beam centre by more than 1 pixel (process sensitivity is about
11 pum/pix), system stability is guaranteed. This reasoning may also be applied to the
sampling percentage control system. As described previously, controller output is
restricted to 30.2 V, which corresponds to an intensity change of approximately
+20 kgv. Since the size of the error threshold window is 40 kgv, and a 5 second
delay is implemented for the imaging screen to adequately respond, system
oscillations are not possible. Therefore, only the uniformity and power control
systems require a detailed stability analysis.

For the case of the horizontal and vertical uniformity control systems, the

closed loop performance was monitored as the controller gains were increased.
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Fig. 6.26 depicts the horizontal uniformity response for the controller gain, K,,, of
0.230 um/kgv. A small disturbance was introduced at 40 seconds. The resulting
oscillatcry response indicates that the critical gain value is approximately
0.230 um/kgv. At 150 seconds, the operational controller gain of 0.120 um/kgv was
reinstated, and system stability was restored. A similar analysis for the vertical
uniformity controller revealed a critical gain of 0.255 um/kgv. Since both critical
gain values are approximately a factor of two larger than the operational gains, the

uniformity control system is stable.
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Fig. 6.26. Horizontal uniformity response for critical controller gain setting.

For the output power control system, the closed loop system transfer function
is given by:

P G,(5)Gy(s)

) T 176G

(6.24)
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where G, is defined by equation 6.14 and G, is the PI controller specified by:

1
Gep(5) = ch(l + E)' (6.25)

1

The resulting transfer function model was simulated for varying values of K, and T;.
Fig. 6.27 depicts the simulated response for a controller gain, K, of 1.0 V/kW and
integral time, T;, of 5 seconds (used to obtain all performance data). Also shown is
the response when the gain increased to 5.0 V/kW and the integral time is decreased
to 1 second (a 500% change). Although these modifications to controller parameters
cause a significant overshoot, no oscillatory behavior results, indicating that the

controller is highly stable.
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Fig. 6.27. Response of closed loop power control model to modifications in

controller parameters.

137



6.8 Discussion and Conclusions

The original design objectives for the PIE-4 laser beam control system have
been achieved. All four individual controllers, beam uniformity, beam position,
output power, and sampling percentage, performed as expected, to significantly
improve overall laser performance. The relatively effortless transfer of the system to
the PIE-4 laser demonstrates the flexibility of this vision-based software controller.

Sensitivity analysis of the resonator optics revealed that the concave mirror
was more amenable for uniformity control in this laser, since it permitted finer
adjustments to uniformity signals. Thus, the function of each optic was reversed to
facilitate uniformity control with the concave mirror and beam position control with
the convex unit. Final performance data revealed that optimal beam uniformity was
maintained within +3 kgv, which corresponds to approximately 3.5% of total beam
intensity. In addition, output power was stabilized to within 4% of the user defined
setpoint. The beam position was maintained within +1 pixel, which translates to an
angular deviation of approximately +60 prad .rom the desired direction of beam
propagation. The sampling percentage controller was capable of accurately
regulating the speed of the rotating wand to vary the coupling percentage between
0.25% and 2%. This ensured operation within the optimal dynamic range of the
infrared imaging screen (70 and 110 kgv), while permitting laser power levels to be
modified from 2 to 12 kW.

The transient response times of the controller were relatively slow due to the

e constant of the imaging screen and the lengthy sampling period of i second.
Most uniformity errors were corrected in about 4 to 8 seconds, depending on their
magnitudes. Modifications to beam position required approximately 30 to 45 seconds
for completion of a minimum resolvable movement of 1 pixel (~0.5 mm). This

delayed response was partially due to controller design, which prevented large
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movements of the convex optic in order to prevent severe disturbances to beam
uniformity. Output power setpoint changes necessitated a comparable time of 5 to
10 seconds. However, once initial errors in uniformity, position, and output power
were eliminated, steady-state operation was considerably superior. Small aberrations
in error signals were usually corrected within one sample period, yielding optimally

stabilized output beam parameters for long periods of operation.
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CHAPTER 7

CONCLUSIONS AND FUTURE RESEARCH

The computer vision system which has been the subject of this research,
provides a means of automatic alignment and power control of a laser system to
ensure operation at maximum efficiency, and with maximum beam intensity and
uniformity. In addition, various diagnostic functions to measure the overall quality
of the output beam have been incorporated to assist in analysing output beam
parameters. The system's adaptability and versatility enable it to be utilized with
virtually any type of laser and in any mode of operation. Since much of the system is

software-based, modifications and expansions may be performed with relative ease.

7.1 Research Summary

The system was initially designed to function on an unstable resonator
configuration utilizing a low power HeNe laser. The associated visible beam cross
section was directly viewed by the video camera, digitized, and analysed by the
microcomputer in order to develop the necessary software algorithms and control
strategies. This low power simulation proved useful for testing and debugging the
controller software without jeopardizing expensive high power laser components.

The system was then transferred to the high power PIE-3 CO, laser. The
corresponding far-infrared beam required development of a infrared to visible
conversion system for use with a standard video camera. The alternative of
employing a thermal-sensing camera did not prove to be cost-effective.
Consequently, the thermal imaging screen sensor, which operates on the principle of

thermal quenching of induced fluorescence, was utilized following testing of
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numerous other techniques. Since this enables the control system to operate entirely
with visual data, no additional electronic or process related signatures are necessary.
Furthermore, due to the software control algorithm's ability to automatically detect
beam edges, precise alignment of the detector is not crucial. This imaging method
also provides the operator with a means of visually monitoring an otherwise invisible
beam.

The experimental results obtained on the PIE-3 unit clearly demonstrated that
highly stable performance can be obtained from a non-sophisticated laser when using
this vision-based computer control system. The controller maintained the best
possible output beam achievable by the laser by aligning the convex resonator optic,
while stabilizing output power within 4% of the specified setpoint. Investigations
into a dual-optic control strategy revealed that the concave optic could be used to
modify beam position, thereby reducing beam steering effects. Initial testing
indicated that the system was capable of maintaining beam position within £1 mm.
which corresponded to a beam steer angle of 110 urad.

Due to inadequate operative capabilities of the PIE-3 laser, the control system
was installed on the newly acquired PIE-4 unit, which was capable of output powers
exceeding 25 kW. The increased operating range could not be accommodated by the
imaging screen detector. This necessitated development of a variable sampling
device which could regulate the coupling percentage on-line to maintain detector
operation within its optimal dynamic range. Thus, the variable coupling rotating
wand was constructed and incorporated into the system, along with an associated
feedback control unit to set the sampling percentage based on a computer generated
setpoint.

At this point, several modifications were made to the design of the controller.
Addition of an accelerator board to increase error computation and program execution

speed, permitted use of a constant sampling period of 1 second, instead of a varying
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2 to 5 second sample interval. An enhancement to the data acquisition unit enabled
motormic positions to be monitored in hardware, thus freeing computer resources for
more consequential activities. Finally, the relay-type controller previously utilized
for output power control (to drive the motorized variac power supply of the PIE-3
laser) was replaced with a PI controller. This modification was possible due to the
PIE-4 laser's SCR controlled power supply.

Performance evaluation of the system revealed that optimal beam uniformity
was preserved, while beam position was maintained within +0.6 mm (460 prad
divergence of direction of beam propagation). Output power was stabilized within
4% of the desired value. In addition, the sampling percentage controller regulated

imaging screen infensity within an optimal range of 70 to 110 kgv.

7.2 Recommendations for Future Research

As a result of the flexibility of this vision-control and diagnostic system, a
number of future investigations are possible to further improve performance. From a
hardware point of view, three possible enhancements are recommended. First, the
imaging screen time constant could be reduced by utilizing a more efficient heat sink.
Although the transparent quartz plate permits easy mounting of the video camera
behind the detector screen, thereby saving considerably space, utilization of a metal-
based heat sink would yield much faster responses. Secondly, the motormics could
be replaced with more recent models, possessing more torque and less hysteresis.
These units also incorporate special drivers with serial interfaces, specificaily
designed for computer control. This would enable simultaneous movement of more
than one motormic and permit more complex control strategies, such as feed-forward
control. Thirdly, the optics themselves could be replaced with deformable mirrors.
This would enable utilization of more elaborate image processing routines, further
optimizing beam uniformity. Finally, the computer system and digitizer could be
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upgraded to units with faster speed, more gray levels (at least 256), and greater pixel
resolution.

From a software perspective, several improvements deserve examination.
Although much of the computationally intensive code has been written in Assembly
language, other routines may be converted as well to decrease overall execution time.
Also, the 16 gray level limit may bec artificially extended to 64 by obtaining four
consecutive samples at differing digitization ievels, and combining this image data.
Control strategies may also be changed to incorporate more sophisticated techniques,
such as adaptive and internal-model-control (IMC) based tuning. However, to derive
full benefit from these methods, the hardware improvements described above should
be implemented.

In addition to monitoring the laser's performance, process parameters may
also be examined to ensure superior material processing. Process parameters may
vary significantly with respect to the width and depth of a laser cut, the height and
width of a cladding bead, or the shape and uniformity of a weld.””® As a result of
this diversity and variabiii:v «» operating parameters, a completely automatic control
system, employing feedback control techniques, would ensure a high degree of
consistency and repeatability. Optical sensing #-! fecdback control have been
incorporated into many conventional material processing systems, such as arc
welding, and have produced significant improvements in processing quality and

eft'xciency.m'83

A vision-based system, utilizing two video cameras, would be able to
analyse data obtained from both the laser beam and process monitoring systems. A
block diagram of the proposed laser and process control system is illustrated in
Fig. 7.1. Data derived from the process camera (indicated with dashed lines) may be
used to make the necessary corrections to the laser application, while the original
camera signal is utilized to maintain beam parameters. The feasibility and
performance of such a system will depend greatly on the capabilities of the image
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processing system. A more precise frame grabber, with additional gray level (and
possibly colour) resolution, would be required to accurately view the laser material
process. The current control system possesses the necessary hardware interfaces to
support an additional camera input and manipulate a pair of X-Y tables.3* The

software to switch between cameras and control the tables has also been developed.
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Fig. 7.1. Schematic diagram of proposed laser beam and process control system.

7.3 Conclusion

The versatility and relative simplicity of this computer-vision system,
featuring both diagnostics and laser beam control, should permit cost-effective
retro-installation into virtually any type of high power laser. Since the operational
parameters may be easily modified from the menu-driven console, and much of the

system is software-based, it shiculd be feasible to adapt the controller for most
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industrial situations. The elimination of human intervention or judgement during the
control procedure, provides for consistency and repeatability in many applications,
and improves the quality control of the process significantly.

The author’s contribution to this research included the design of all control,
diagnostic, and utility software, along with the necessary control strategies to
optimize laser operation. In addition, the designs of the variable sampling rotational
wand, the imaging screen assembly, and all electronic circuits described in the

Appendices are the original work of the author.
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APPENDIX A

SAMPLING WAND CONTROLLER DESIGN

The variable coupling percentage rotating wand was designed to operate
within a range of 500 to 750 RPM, which corresponds to a sampling percentage
between 0% and 2%. The AC motor speed controller, required to maintain the
sampling percentage based on a computer generated setpoint, was designed to
monitor a pulse from a infrared LED-phototransitor sensor mounted directly behind
the wand. Since the width of the gaussian shaped 0 to 5 V pulse from this sensor is
proportional to the exposed surface of the wand's reflective area, a feedback
controller was developed.

The schematic diagram of the AC motor speed controlier circuit is illustrated
in Fig. A.1. The input pulse (WTRIG) is first amplified by the operational amplifier
UZ2A and then integrated by U2B. The U2A output is also converted toa 0 to 15 V
square pulse (by Q11), the leading edge of which is used to trigger a LMS5S timer,
which later resets the integrator. The trailing edge of the Q11 output is utilized to
trigger a sample-and-hold circuit (Q13 and U2C), which stores the final integrated
value. This value is then compared to the setpoint (with U2D) and the driving error
signal (CNTRL) is applied to the AC motor speed controller circuit depicted in
Fig. A.2. The cutput of Q11 is also converted to a 0 to 5 V digital pulse (WCMPT)
to enable speed monitoring via the computer. The controller setpoint may also be
adjusted manually using potentiometer R42. Controller tuning was performed by
varying potentiometers R59, R60, R61, and R62. The final values which yielded an
acceptable performance were as follows:

R59 =449 Q, R60=394Q, R6l1=347Q, R62=46.7Q.
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The variable speed AC motor driver (shown in Fig A.2) receives the
controller output (CNTRL), which is optically isolated via an optical coupler. The
driver circuit itself is a standard inexpensive speed controller utilizing the bilateral
fe _res of a triac.® When the triac conducts, the motor receives the normal AC line
voltage. However, the firing of the triac may be delayed toc a later portion of the
voltage cycle, thereby reducing the speed of the motor. The setpoint voltage
determines the rate at which capacitor C14 charges (through the phototransistor in the
optical coupler). When C14 charges sufficiently to activate the unijuction transistor
Q9, the triac is triggered by transformer T2. Thus, by regulating the charging of
C14 (via the setpoint), the portion of the AC voltage waveform which is applied to
the motor may be varied, resulting in a change of speed.

The system also contains a safety circuit which deactivates laser power if the
wand's rotational speed decreases below a preset minimum (about 500 RPM). This
circuit, illustrated in Fig. A.3, utilizes a retriggerable timer to short-circuit the laser's
input current controller's potentiometer with transistor Q1. The sensor pulse from
the wand acts as the trigger to the timer. If the timer is not retriggered within the
time determined by resistor R1 and capacitor C1, the J-K flip-flop is set and the laser
power is turned off. This circuit prevents damage to the imaging screen detector if

the motor speed unexpectedly decreases.

* L. J. Reed. "Circuit Applications for the Triac." Motorola Semiconductor Products Inc.,
AN-366_ pp. 6-7.
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APPENDIX B

SUPPLEMENTARY DATA ACQUISITION BOARD

The supplementary data acquisition board was designed to fit directly onto the
original unit via existing header connections, and expand its capability. In addition,
the board includes a 16-bit counter and the associated logic to maintain the
displacement of a single motormic. The design incorporates three programmable
logic devices, along with series of conventional latches.

The schematic of the overall circuit is illustrated in Fig. B.1 and Fig. B.2.
Fig. B.1 depicts the connections to the three Altera EPLD's (erasable programmable
logic devices), along with the certain input and output header connections. Fig. B.2
depicts the eight latches used to hold the digital output signals which control various
external devices. The most significant three bits of the Proto-40K data acquisition
unit's digital outputs (PDO13 to PDO15) are used to select and enable the latches.
The remaining 13 bits are utilized as data outputs. The unit's 16 digital inputs are
used to read the 16-bit counter or 16 other digital inputs via a 2-to-1 multiplexer.
The control functions of the output latches are as follows:

Ul,u2 - Contain outputs required to conirol a set of X-Y tables and

eight extra outputs for future expansion.

U3,uU4 - Contain outputs which select the desired motormic and control

the various functions of this expansion board.

Us,ué - Contain data outputs which load the 16-bit counter with the

desired amount of movement.

U7,U8 - Contain 16 digital outputs which may be used to control other

external devices.
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The internal logic of the ©64-pin Altera EP1800J (an equivalent Intel
CJ5C180-90 replacement was used) is depicted in Fig. B.3. The device implements
four cascaded 4-bit counters and four 4-bit 2-to-1 multiplexers. The EFP%00 (intel
D5C090 replacement) logic, illustrated in Fig. B.4, consists of a 4-bit decoder to
enable each of the four sets of latches, and a dual 4-to-1 multiplexer to select the
direction and count inputs from the motormic drivers. Finally, the EP310 (Intel
D5CO031-40 equivalent) contains logic necessary to halt the active motormic and to

control a set of X-Y tables (for future expansion to process control).*

* Altera Progammable Logic Devices, Altera Corp.,Santa Clara, CA (1987).
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APPENDIX C

OPERATING MANUAL FOR CONTROL PROGRAM

The automatic alignment and power control program for the PIE-4 laser may
be run from a CLI window by typing "CONTROL" or from the Amiga workbench

by moving the mouse over the "CONTROL" icon and pressing the left mouse button
twice.

C.1 Main Control Window

The Control window contains the gadgets necessary to allow manual operation
of the laser, the output power setpoint, and all operating and error signal data. The
output power setpoint may be modified by moving the mouse to the its gadget and
pressing the left mouse button. The cursor will then appear in the gadget and the
setpoint valu. -1ay be changed using the keyboaid. This method applies to all other
input gadgets in any sub-windows. The manual laser cortrol gadgets are activated by
moving the mouse over the gadget and pressing the left mouse button. As long as the
left mouse button remains depressed, the gadget is active.

C.1.1 Control Window Gadgets

Output power setpoint:
Set Pt - The ou.put power level setting in Watts.

Manual catrol gadgets:
Mirror - Selects wvetween the feedbsck (convex) and the primary
(concave) mirrors. To select a mirror, move the mouse over the

desired mirror gadget ("F" for feedback of "P" for primary) and press
the left mouse button.

Alignment arrows:  The arrows shift the overall intensity of the beam ia the
specified direction. For example, to inake thc top half of the beam
more intense, placc the mouse on the UP arrow and hold down the left
mouse button. The micrometer will continue to move until the left
mouse button is released.

Power Arrows: The power a:rows increase or decrease the output power
of the laser by iiicreasing or decreasing the sustainer current. To
increase the power, place the mouse over the UP arrow and hold down
the left mouse button. The power will continue to increase until the
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left mouse button is released.

Display information: The window also contains numerical displays of all
pertinent error signal and control action data, along with other
operating information.

C.2 Main Menu Commands

The main program menu can be obtained by placing the mouse in the program
window and holding down the right mouse button. The menu consists of four sub-
menus: Project, Options, Command, and Diagnostic. When the mouse is moved
over a sub-menu, the options for that particular sub-menu will be displayed and may
be chosen by moving the mouse over the option while holding down the right mouse
button and then releasing the right mouse button. A number of options may be
chosen at one time by holding down the right mouse button, moving over the first
desired option and presiing the left mouse button, then moving over the second
desired option and pressing the ~ft mouse button, and so on. These methods of
selecting options ag.+-¢s to ail 1o veis of sub-menus.

C.2.1 Sub-Menu }: w7

The Project suu .:.enu contains the commands necessary to start, stop, pause,
~wriwt, and exit the program. These options may also be selected from the keyboard
- -alding down the right Amiga (red A) key and pressing the key corresponding to
..~ zonmand. The menu items and corresponding descriptions are as follows:

start: Begins execution of the program using the options and parameters which have
been chosen. (right Amiga - S from keyboard)

Pause: Pauses the program and allows manual control of the power and alignment.
No parameters or options may be changed while the progi. ' is paused.
(rigt -miga - P from keyboard)

Resume: Resumes execution of the program afier i.. program has been paused
using the existing parameters and options. (right Amiga - R from keyboard)

End: Stops execution of the program and allows manual power wnd alignment
control. Any parameters and options may be changed at this time. (right
Amiga - E from keyboard)

Exit: Stops execution if the program is running, closes all files and libraries, and
exits the program. (right Amiga - X from keyboard)
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C.2.2 Swt-Menu Item: Options

The Options sub-menu contains the commands necessary to select the various
options available when running the program. When the mouse is moved cver the
option while holding down the right mouse button, the possible choices for the option
are displayed, with a check mark beside the one which is currently chosen. The
menu items and corresponding descriptions are as follows:

Uniformity:
On - Turns the automatic uniformity conirol function on.

Off - Turns uniformity control off. The program still computes and displays
all data but does not control the chosen resonator optic.

Beam Steering:
On - Turns the automatic beam position control function on.

Off - Tumns position control off. The program still computes ard displays
position data but does not control the second resonator optic.

Power Control:
On - Turns the automatic power control function on. The power is then
cizanged to agree with the setpoint specified in the main window.

Off - Turns power control off. The power data is displayed but the power is
not adjusted.

Wand Control:
On - Turns the automatic variable sampling wand control function on. The
total screen int. -y is maintained within the optimal operating range.
When ma2king laige extcrnal changes to output power, ensure the

controller has sufficient time to respond (i.e. do not increase power
level too quickly).

Off - Turns variable sampling wand control off.

Save Data:
Yes - Save displayed data to the specified data file.

Mo - Do not save displayed data.

Save Images:
Discard - Do not save any images.

Overwrite -  Save the current image to the image file. The previous image
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overwritten.

Sequence - Save the current image to a new file. Currently, only a
sequence of 15 images can be saved before files are overwritten due to
insufficient memory. This number may be increased if additional
memory is installed. The filenames consist of the originally specified
name with the image sequence number appended to it.

Compute Centre:

Yes - Find the edges of beam and compute the centre. The program
searchies for the beam in the region bounded by Xmin, Xmax, Ymin
and Ymax. Thus, these parameters should be set such that only the
beam image is present in this area.

No - Use the specified centre and edge boundary values.
Filter Data:

Yes - Filter data using one of three type of filters (four-element moving
average, first-order low-pass, or third-order Butterworth). In order to
change the type of filter used for each signal, the flags in the function
"filterdata” must be changed and the code recompiled.

No - Do not filter data.

ispiay Image:
Black & White - Display image in shades of gray levels.

Colourize - Display image using spectrum (rainbow) colour map.

Camera Input:
Top - Use video signal from top camera input.

Bot - Use video signal from bottom camera input. This capability is for
future expansion to process control as well.

Plot Signals:

None - Do not graphically plot any signals.

X-Uniformity - Gragiically plot X-uniformity error signal.
Y-Uniformity - Graphically plot Y-uniformity error signal.
X-Position - Graphically plot X-position error signal.
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Y-Position - Graphically plot Y-position error signal.
Screen Power - Graphically plot power level as measure with screen.
Power Meter - Graphically plot power meter reading.

C.2.3 Sub-Menu Item: Command

The Command sub-menu contains commands which perform various functions
on-line, some of which display additional sub-windows for input. Some of these
items may also be selected from the keyboard by holding down the right Amiga (red
A) key and pressing the key corresponding to the command T: menu items and
corresponding descriptions are as follows:

Reset Time: Reset start tinie to zero. (right Amiga - T from keyboard)
Reset Counters: Reset 1ll motormic position counters to zero.

Reset Vars: Reset certain variables to th ir initial state, such as those which

adaptively increment motormic movements due to their reverse motion when
halted.

Calibrate: Recalibrate intensity to power conversion offset if imaging screen

parameters have changed. The laser power meter must be on-line to perform
this function.

Display Coords: Display image with mouse coordinates in bottom right corner.
This function is useful to determine beam edges and centres if using manual

settings. It also helps in ascertaining coordinate values for use with the 2D
and 3D beam profile programs.

Parameters:

Load - Reload parameters from the specified parameter file. (right Amiga - L
from keyboard)

Reset -Reset default parameters from the default parameter file
"controlpar.def™. (right Amiza - O from keyboard)

Modify - This function opens a sub-window containing all operating and
controller parameters which may be modified on-line.  These
parameters are listed below. (right Amiga - M from keyboard)

Centre X -  The X centre (in pixels) of the output beam. This value
is used when the "Compute Centre" option is disabled to
separate the image quadrants. It is also used when the "Beam
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Steering" option is enabled as the X centre setpoint of the beam
position.

Centre Y - The Y centre (in pixels) of the output beam. Used in a
similar manner to "Centre X".

Min X - The left edge (in pixels) of the rectangular box which
contains the output beam. If the beam moves outside this box,
the information contained in the that part will be lost. (See
Fig. C.1)

Max X - The right edge (in pixels) of the rectangular box which
contains the output beam.

Min Y - The top edge (in pixels) of the rectangular box which
contaiii. the output beam.

Max Y - The bottom edge (in pixels) of the rectangular box
which contains the output beam.

Ceiling - A parameter used by the frame grabber which specifies
the upper (white) limit of digitizing. Any value above this
limit will be considered as white (gray level 15). The ceiling
can be moved from 100% to 25% of the video signal in
16 steps (i.e. O for 1600% and 15 for 25%). (See Fig. C.2)

Floor - A parameter used by the frame grabber which specifies
the luser (black) limit of digitizing. Any value below this limit
will be considered as black (gray level 0). The ficor can be
moved from 0% to 75% of the video signal in 16 steps (i.e. 0
for 0% and 15 for 75%). (See Fig. C.2)

Uwand - Variable wand speed controller setpoint (in V) to
manual adjustment of sampling percentage. Valid range of
settings is from 7.5 (for high power levels) to 12 (for low
power levelis).

Period - Sampling period setting (in seconds). This value must
be greater than 0.6 seconds (minimum control loop execution
time).

Cutoff Freq - Cutoff frequency for first-order low pass and third-order
Butterworth filters.
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Fig. C.1. Definitions for image boundary settings.
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Fig. C.2. Digitizer settings to obtain optimal gray scale distribution.
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Gain X - The X uniformity controller gain (specified in 0.1 um
steps per 1000 gray values of intensity). If the gain is set to
1.2, a 1.2 um movement to the left would be made for a
uniformity error of +10,000 gray values of intensity (10 kgv).
One unit of motion for each motormic corresponds to one-tenth
of a micron.

Gain Y - The Y uniformity conturoller gain (specified in 0.1 pum
steps per 1000 gray values of intensity). If the gain is set to
1.2, a 1.2 um movement downwards would be made for a
uniformity error of +10,000 gray values of intensity (10 kgv).

Gain P - The proportional gain for the PI output power controller
(specified in V/kW).

Min Err X - The minimum X uniformity motormic movement
(specified in microns). If the required control action is less
than this value, no correction to the uniformity control mirror
will be made.

Min Err Y- The minimum Y uniformity motormic movement
(specified in microns).

Min Err P- The minimum resolvable error in output power(specified
in Watts). If the required power control action is less than this
value, no correction to the laser's input currsnt controller will
be made.

Offset X - The X offset is used as a correction factor for a
non-symmetrical beam along the X axis. The control algorithm
will continuously attempt to obtain a symmetrical, annular
output beam. However, if the best possible beam from the
laser is not symmetrical, a offset intensity value may be added
to one side to prevent the system from compensating. Setting
this value properly may improve the overail uniformity of the
beam. A positive value of the X offset will make the left side
of the beam more intense.

Offset Y - The Y offset is used as a correction factor for a
non-symmetrical beam along the Y axis. A positive vaiue of
the Y offset will make the bottom half of the beam more
intense.

Ti P - The integral or reset time fcr the PI cutput power controiler
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(specified in seconds).

Pow Conv Gain - The intensity to power conversion gain if a
constant sampling wand is being used. This gain relates total
screen intensity to the laser output power (specified in W/kgv).

Pow Conv Offset - This conversion offset is used to calibrate the
intensity to power relationship of the imaging screen. This
enables manual calibration 7 the screen when the power meter
is off-line (identical to choo:. . the "Calibrate" item when the
power meter is on-line).

OK - Save the currcnt scicings and close the parameter
window.
Cancel - Ignore any changes to paran.cter values and close the

parameter window.

Filenames - This function opens a sub-window which permits modification
of various filenames.

Image Filename - The name of the image file to which the current
image is saved if the "Overwrite" option is used. If the
"Sequence” option is used, a file number is appended to this
file name. For example, if the file name is "beam", the
sequenced file names will be "beam.1", "beam.2", etc.

Data Filename - The name of the file to which all data will be

stored. If the file already exists, the new data will be appended
to this file.

Parameter Filename - The name of the file from which operating
parameters are read, and to which parameters are stored.

OK - Save the current filenames and close the sub-level
window.
Cancel - Ignore any changes to the filenames and close ihe

sub-level window.

Save Pars/Opts - This function saves operating parameters and options to
the specified parameter file.
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C.2.4 Sub-Menu Item: Diagnostic

The Diagnostic sub-menu contains the commands necessary to automatically
perform various sensitivity measurements, open loop step responses, and controller
tuning. The menu items and corresponding descriptions are as follows:

Sensitivity:

None - Cancel any sensitivity measurements which are being
performed.

Feedback -  Performs uniformity error vs. motormic position measurements
for feedback (convex) mirror.

Primary - Performs uniformity error vs. motormic position measurements
for primary (concave) mirror.

Power - Performs output power vs. intensity measurements. The laser
power meter must be on-line.

Wand - Performs intensity vs. wand speed controller setpoint
measurements. The wand frequency and sampling percentage are also
measured.

Position - Performs beam centre vs. motormic pesition measurements for
selected mirror. The uniformity is maintained with the other optic.

O-L Step/Tune: This function opens a sub-window which enables various step

responses to be performed. Following a step change, the program computes
and displays the new controlier gains, which may be used for tuning.

X-move - Performs the specified horizontal mectormic movement
(movement may be positive or negative).

Y-move - Performs the specified vertical motormic movement (movement
may be positive or negative).

Power - Performs the specified setpoint change to the input power
controller.

Wand - Performs the specified setpoint change to the variable wand
speed controller.

OK - Close the sub-level window and execute the step change
specified.
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Cancel - Close the sub-level window and return to normal operation.

Monitor A/D:
None - Do not monitor any A/D channels
Power - Monitor the laser power meter reading.
Current - Monitor the laser current sensor reading.
Voltage - Monitor the laser voltage sensor reading.

C.3 Operating Procedure

After choosing the desired options and setting the various parameters, select
the “"Start" option from the Project Menu. The digitized image of the infrared
detection screen will appear on the monitor along with a gadget which allows the
ceiling and floor to be modified. Set the ceiling and floor to obtain the maximum
range of gray levels for the output beam. However, the edges of the beam should
always be distinct and clearly discern- able. If the background colour fades and the
beam merges with the edges of the imaging screen, the ceiling and/or floor should be
readjusted.

Once a satisfactory image of the output beam is obtained, place the mouse
over the "OK" gadget and press the left mouse button. The program will commence
and the data obtained will be displayed. The system performs many of the error
checks during operation and displays the appropriate error messages. For critical
errors, it will also speak out the error message. To terminate the program, select
"Exit" from the Project Menu.

C.4 Additional Diagnostic and Utility Programs

The diagnostic and utility programs may all be executed simultaneously (on-
line) with the main "CONTROL" program, if desired. A brief description of the
programs follows. In each case, executing the program without any parameters,
from a CLI window, will display an input window or list the necessary input
parameters and their corresponding order. Executing the programs from the Amiga
Workbench {double-clicking on the associated icons) will prompt the user for the
necessary inputs.

PROFILE-3D: Displays a 3D intensity profile of a given image. The
input image must be in raster (pixel) format. The
resulting profile may be saved in Amiga IFF (bitplane)
format. A profile may generated for any angle of
rotation or elevation.
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PROFILE-2D:

COLORPIX:

BPTOPIX:

PIXTOBEPF:

COORDS:

SEEPIX:
SEEIFF:

COMPLEMENT:

INITPORT:

IMPRINT:

Displays a 2D cross-sectional intensity profile of a given
image. The input image must be in raster format. The
resulting profile may be saved in Amiga IFF format. A
profile may be taken at any angle through the image
centre. Specifying an angle of 180° scans through all
angles in increments of 1°.

Colourizes a gray scale image. The input image must
be in raster format, while resulting output is a
colourized Amiga IFF image.

Converts an image from bitplane (Amiga IFF) to pixel
(raster) format.

Converts an image from pixel (raster) to bitplane
(Amiga IFF) format.

Displays an Amiga IFF image with the mouse
coordinates in the lower right corner. This program is
useful for obtaining image boundaries and centres for
non-standard beam cross sections.

Displays a pixel (raster) format image on the screen.
Displays an Amiga IFF format image on the screen.

Complements and enhances any selected portion of an
image.

Initializes all outputs of the data acquisition unit upon
startup. This program may also be executed following
startup to re-initialize the unit. It requires no input
parameters.

An IBM compatible program for printing images on a
HP Laserjet (PCL) compatible printer. The program
utilizes a special dithering technique which improves the
print quality of beam cross sections.
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APPENDIX D

SOFTWARE LISTINGS

The software for the on-line laser beam control and diagnostic system
consisted of seven main program files, three assembly files, and several associated
header files. All code was written in the ANSI standard C programming language
and compiled with the Aztec C-68K compiler (for the Amiga). Only the files
associated with the main control program are listed. Additional utility and beam
profiling software are not listed due to the length of the code. The listed program

files are as follows:

CONTROL.C: Main program which performs all error computatior: an
control functions.

CONTGADG.C: Amiga specific code which controls all menu, window,
and user input functions.

GRABFRAM.C: Functions to initialize and control the frame grabber.
DISPLAY.C: Performs all numerical and graphical display functions.
FILTER.C: Performs all data filtering.

P40.C: Functions necessary for initialization and control of the

Proto-40K data acquisition unit.

TALK.C: Functions to access the Amiga's speech processor for
verbal communication of error messages.

BPTOPIX.ASM: Bitplane to raster image conversion function.

QINTCENT.ASM: Computes quadrant intensities, centroids, and total beam
area.

SETCAM.ASM: Sets desired camera input.
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CONTROL.H:

CONTGADG.H:

DISPLAY.H:

LIVEBRARY .H:

MAKEFILE:

Header file which defines most constants and error
limits.

Header file which defines all window, menu, gadget,
and Amiga specific structures (not listed due to its
length).

Header file which defines constants for the graphical
output window.

Header file supplied with the ILIVE 2000 frame grabber
for interfacing with the device (not listed).

File to compile and link all program files.

The diagnostic and utility programs are not listed due to the excessive length of the

code. The tiies associated with each of these programs is summarized below:

PROFILE-3D.C:

PLOT3D.C:

PROF3DGADG.C:

PROFILE-2D.C:

PLOT2D.C:

PROF2DGADG.C:

DISPW.C:

WIND.C:

PIXTOBP.ASM:

COMPLEMENT.C:

Main file for 3D intensity profile generating program.

Functions for computation of 3D profile plot
coordinates.

Gadget defintions for 3D profile program.

Main file for 2D cross-sectional profile ger.erating
program.

Functions for computation of 2D profile plot
coordinates.

Gadget definitions for 2D profile program.

Window display functions for 2D and 3D profiling
programs.

Window definitions and interface functions for 2D and
3D profiling programs.

Pixel to bitplane conversion function.

Main file to complement and enhance selected sections
of images.
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COMPGADG.C:

UTILSUBS.C:

PIXTOIFF.C:

IFFTOPIX.C:

COORDS.C:

COLORPIX.C:

MAKEFILE:

Window display and gadget control functions for iniage
complementing and enhancing program.

Various image processing utility functions used by all
the above programs.

Main file to convert images from pixel to Amiga IFF
format.

Main file to convert images from Amiga IFF to pixel
format.

Main file to display an Amiga IFF file with mouse
coordinates in lower right corner.

Main file to colourize a gray scale image in pixel
format.

File to compile and link all diagnostic and utility
program files.
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