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Abstract

Thc work presented describes the development of a capstan drive system for the
transport of motion picture film. From a mode! description of the plant and computer aided
system design analysis, control algorithms are formulated. The work shows how these
relativity complex control algorithms are implemented by making use of the parallel
processing capabilities of the transputer.

A critical investigation of current film transport methods is undertaken leading to the
design and testing of a prototype capstan drive mechanism. The capstan drive system is

shown to climinate problems of sprocket drives and their associated mechanisms.

A multi-input multi-output controller is presented using state-space methods of design.
The developed control strategies are fully tested on a model of the plant before hardware
testing. The control outputs of the system are speed and tension. The final control solution

is shown to be a combination of full-state feedback, integral control, and a Kalman filter
estimator for the elimination of system disturbances.

The transputer implementation of the developed control strategies is presented together
with a comparison between simulation and experimental results. It is shown that compu-
tational times can be reduced by using multiple transputers and placing computation-in-
tensive sections of the control algorithm on separate processors. Transputer

configurations and interconnections are shown.

The capstan system has been shown to allow faster printing speeds with improved
transport accuracy leading to better quality of the final picture print. The system has been
shown to be ‘robust’ to external disturbances and changes in plant parameters.
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Chapter 1

Introduction

The production route of motion picture film from the film studio to the cinema involves
many intermediate processes. The final product is always the same - an image. The "image
technology" associated with each of these intermediate processes includes chemical
control (developer), image colour analysis (grading), special effects, and other production
control techniques all of which contribute to the quality of the final image.

Some of the technology involved is very sophisticated and employs modem manufactur-
ing techniques. Some processes have changed very little and still remain time consuming
and labour intensive. A typical film processing laboratory can produce up to 0.3 million
metres of film in one week, this may include many different films. The only satisfactory

way to inspect the print before it is dispatched is manually, usually on high speed viewers.
This has to be done for every metre of film. |

The work covered in this study is concerned primarily with the copying of film and in
particular the bulk copying process which is usually carried out on high speed panel
printing machines. Film copying is a critical part of the production of motion picture film.

If the master copy produced from the original contains picture unsteadiness this is
reflected through all the subsequent processes.

Film transport drive mechanisms associated with these panel printers consist of sprockets
to drive the film and have mechanical gears to drive the sprockets. Use of these mechani-

cal drives and their associated control systems has limited the printing speed of film to
typically 2.5-3.0 m/s (500-800 ft/min).

New requirements for motion picture release printing and the development of new
technologies has prompted the development of new printer and printing systems. Despite
this, the only successful high-speed printing system (Smvs) is one developed by Techni-

color, Inc. [Michelson, 1976}, which utilises a microprocessor to control the printing

-4
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system. This system still has the draw back of employing sprocket drive and is only

capable of printing in one direction.

1.1 Film Processing Procedures.

Examination of printing methods raises a number of questions relating to the reasons for
certain steps, the choice of materials and the preference of one method over another.
Figure 1.1 shows a schematic of the general procedures used in the processing of motion

picture film. This process has been broken down into several distinct steps [Collard,
1990].

O Film from the studio arrives in an un-processed form. It is unloaded manually from
the canisters in complete darkness. The film is checked for any tears or broken
perforations that might subsequently damage the film during processing. The film is

then loaded onto the negative developer. This process has to be completed with great
care because this is the original film.

[0 Once the film has been developed it is sent for cleaning, this takes place in special
ultrasonic cleaners. The next stage is the production of the original negative print, this
is performed on a contact printer. Details of the contact printer and its transport
mechanism will be explained later. Contact printing is where the negative original and
the raw stock are printed in contact with each other, emulsion to emulsion. It produces
an image the same size as the original negative and the printed image is a mirror image
of the original. The negatives (rushes) are stored in the laboratories vaults while the

original print is send to the editor. The editor views the film and marks down the
sections of the film to be included in the final copy.

O Once the final cutting copy has been returned to the laboratory it is the job of the
negative cutter to fit together the final film from the original negative. Two film rolls
are made during this negative cutting, 'A’ and "B’ rolls. Successive scenes are cut
alternatly into the A’ negative roll and the 'B’ negative roll, (see Appendix A).
Opaque black leader is joined between scenes on each roll, to match exactly the length

of the missing scenes.
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O Before these negatives can be printed, cuing and grading operations must take place.
Cuing involves marking the film to indicate to the printing machine a change of scene
or a scene dissolve. Each scene on the film then has to be individually colour graded
on a colour analyzer. It is important to colour grade each scene relative to the previous
and subsequent scene. A record is made of the grading operations which is used by the

printing machines to allow the appropriate printer light valves to be set, (red, green,
blue).

O Before printing the cut negatives are again cleaned. A print is made in two passes on
the contact printer, printing the A’ and 'B’ roll in succession onto the print stock.
When the negatives are cutin *A’ and 'B’ rolls, it is possible to incorporate fades and
dissolves by overlapping scenes on the two rolls, and closing and opening a fader on

the printing machine at the appropriate places, (see Appendix A).

O The result of this printing stage is a answer print or final trial print. This fully graded
print is sent back to the editor for final approval. At this stage any re-grading
adjustments can be made.

O At this stage we have one original cut negative. It is necessary to produce duplicate
negatives for multiple release printing. This ensures that the original is protected

against wear and tear from the sprockets on the printing machines.

O The duplication of films for multiple release is usually carried out on high speed
contact printers known as panel printers. Panel printers are bi-directional and have
printing speeds from 1.2 m/s (240 feet/min) to 5.0 m/s (1000 feet/min). This avoids

the need to unlace the negatives after each pass. The negatives are cleaned by air

knives during each pass on the printer.

Figure 1.2 shows the most widely used printing routes and material used by the film
laboratory to make picture prints from original footage. Collard [1982, pp288] indicates
that the choice of duplication route is influenced by several factors; choice of camera

original stock, economic considerations, and quality considerations.
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Figure 1.2 - Duplication routes

1.2 Basic Principles of Printing

1.2.1 Printing equipment

During the production of the final show print several types of specialised printing
equipment can be used. Certain printing methods require a continuous or step-type contact
printer with provision for scene density and colour-balance changes. To make reductions
or enlargements, an optical printer is needed. If the method involves the use of separation
positive for archival purposes, a registering type optical printer is used. Some kinds of
special effects also require optical and/or registration printers. Printers having either
subtractive or additive systems for controlling the colour and intensity of the printing

illuminations can be used, but the additive system is the most widely used because of its
greater versatility and precision.

Printing machines produce copies of films at high speed. This action of printing is
accomplished by transporting the original film and the undeveloped film stock across a
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Figure 1.3 - Basic printing principles

slot or aperture at the same rate. A light is shone through the aperture, through the original
film and onto the undeveloped stock, (see figure 1.3).

The exposure of the copy depends mainly on the following factors:

e Speed of the film as it is transported across the aperture,
e Size of the aperture (4.775 mm for 35 mm film),

¢ Intensity of the light source.

Printing machines contain two principal systems:

Light Control System - This delivers to the aperture a light of a precisely controlled

intensity and colour balance. The light is produced by a halogen bulb of known intensity,
this is known as the action lamp.

Film Transport System - This pulls the film through the machine. It also determines the

speed and tension of the original film and the copy stock as they are both pulled across
the printing aperture.

On Model *C’ printing machines which print original negatives the film is moved across
the aperture at speeds between 0.9 and 1.0 m/s. On panel printers which use duplicate
negatives for bulk copying, the speed of the film can be up to 4.57 m/s. Each part of the
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244 0.002
3.05 0.0015
4.57 0.001

Table 1.1 - Film exposure time Vs. film speed

film at 4.57 m/s therefore takes about 1 thousandth of a second to cross the aperture,
(exposure time = 0.001 s), see table 1.1.

1.2.1.1 Action printing

In the last section figure 1.3 which illustrated a diagrammatic representation of the
printing process it showed the original film and the raw stock travelling in the same
direction, in a straight line and with a gap between them. In practice the raw stock and the
original negative are in contact with each other as they cross the printing aperture. The

aperture is in fact a slot cut into a circular printing head and the film travels over this head,
(see figure 1.4).

The films are held in contact with the picture head by a roller. This roller gate is pulled
down onto the film by a spring and rotates as the film passes under it. A stop screw is
adjusted so that pressure exerted on the film is of a predetermined amount. Too much
pressure will cause distortion of the film resulting in Newton’s ring effects, too little
pressure will cause the film to separate. The roller gate gap is usually set to 2 thicknesses
of film less 0.0254 mm, using negative and un-processed film to achieve this gap, plate

1.1 shows how the roller gate can be lifted clear of the film to ease the lacing of the film
stocks.

The steadying effect of this roller gate is further enhanced by film tension rollers on either
side of the printing aperture.
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Figure 1.4 - Circular Printing Head + Film Lacing Path

1.2.2 Printing method quality considerations

The assessment of print quality involves considerations of a number of characteristics. As
Collard points out [1982, pp.289] some are objective and other subjective, (choice of a
method based on the amount of prints required). The quality of prints from the method
chosen will depend on the film and the degree of care exercised in printing and processing.

In evaluating quality, the following characteristics have been identified [Kodak, 1983] and
will vary in importance depending on the use of the final print:

e Steadiness.

e Physical blemishes:- scratches, streaks, blotches, dirt particles, black and/or
white specks.

¢ Graininess.

¢ Definition.

e Colour reproduction.
¢ Tone reproduction.

e Edge effects.

Quality is best judged by viewing prints under the projection conditions for which they
are intended. Where the prints are to be used for normal projection before groups of
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people, the review room should simulate average viewing conditions with respect to

projection distance, screen size, screen type, ambient light level and viewing distance.

1.2.3 Other considerations

Original footage has to be thoroughly cleaned and inspected for emulsion or base
scratches. Typical frames are checked with a magnifier or microscope to ensure that the

images are in sharp focus. A printing method cannot produce good definition if the
original is not sharp.

Edited original footage is timed scene to scene for both density and colour to obtain the
highest quality print. Even where original photography has been carried out in the most
professional manner, scene to scene colour balance adjustment during printing is needed.
This relates to the inability of the human eye to adapt quickly enough to scene changes

causing the appearance of a scene to be influenced by the composition and colour

attributes of the preceding scene.

Films used in the printing methods differ in graininess and modulation-transfer function.
(The modulation-transfer function indicates the efficiency with which films reproduce
details of the images that fell on them. Factors such as diffusion of light within the
emulsion and adjacency effects in development influence the quality of reproduction).

Optical systems have also specific modulation-transfer characteristics that can affect the
graininess and sharpness observed in the final print.

One important criterion for choosing a printing method is the number of prints against
which the cost can be offset. For example, reversal release prints made directly from the

original might be the most economical approach when only a few prints are required, but

not so when large quantities are involved.

It can be seen that the choice of a printing method is governed not only by the equipment
and facilities available at the laboratory, but also by economical considerations, such as

the cost of materials and labour for processing and printing, the number of prints desired,
etc.

Improvements to the print process have described by Seys [1978, pp436]. He describes
how these can be achieved through speeding up, as much as possible, the printing and

-10-
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processing operations. He also discusses the implications of high-speed printing. Seys in
another paper as far back as 1960 [Seys et al, 1960] proposed that film processors, then

operating at a maximum speed of 0.83 m/s for the development of colour print, must be

modified to further increase the speed of the process.

The final print quality is dependent on a number of factors, including the quality of the
original footage, the characteristic of the sensitised materials involved, the kind of
equipment used and how well adjusted and maintained it is, the degree of control

exercised in film processing, projection circumstances and the manner in which the film
is handled.

1.3 Details of Printing Machines

The main study undertaken during this research has focused on the high speed bulk

printing process and the associated printing machines, namely panel printers.

Panel printers are used for the bulk production of printed film using one negative over and
over again. Panel printers are so designed to enable the printing process to be carried out
in both directions over the printing heads. This enables the negative to be left on the
machine until the number of copies required is reached or more commonly until the

negative becomes worn. The panel printer, (see plate 1.2), consists of three main parts:

1.3.1 Picture head

Plate 1.3 shows the picture head for a 35 mm panel printer. The undeveloped positive
stock passes over the picture head together with the picture negative, (see figure 1.5). The
film is in contact with three sets of sprocket teeth, the two intermediate sprockets isolate
the film in the printing head area from the rest of the machine, while the main sprocket
drive acts as a registering point for the contact of the positive and negative film.
Registration is achieved by means of a tension differential which is set up by using
tensioning arms located, for each strand of film, on either side of the printing aperture.
Figure 1.6 shows how this tension differential allows registration for both directions of
printing. One factor that has been shown to cause problems in the printing process [Stoker,
1987] is the design of the main drive sprocket. As illustrated in figure 1.6 the main drive
sprocket drives the film on one side. The reason for this type of configuration is the need
for a direct light path onto the surface of the film.

11
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1.3.2 Sound head

Negative Print

Intermediate Sprocket Drive

Fim Transport Roller

-]
\0 Film Tension Arm

Figure 1.5 - Picture head lacing path

The layout of the sound head is identical to that of the picture head except that instead of
picture negative, sound negative is passed over the head with the copy positive stock. The

optical sound track runs along one edge of the film and is subject to the same printing

considerations as those of the picture image.

The intermediate drive sprockets on either side of the printing head and the main sprocket

are driven from a single motor. Gears connect the motor to the sprockets, Plate (1.4).

1.3.3 Winding system

The winding system is used to feed and take-up film to and from the picture and sound
printing heads. The control system includes a dancer arm which is used to ensure that an

constant amount of film is delivered to the printing heads and also buffers the effects of
the large film reel inertias from the printing head drive system.

1.4 Problems Associated with Existing Printing Processes

1.4.1 Picture unsteadiness

There are many factors that can affect the quality of the final print and one of the major
problems that occurs is unsteadiness. Unsteadiness occurs in most instances as a result of

the negative film and the positive raw stock moving relative to each other during the
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Film Direction
ﬁ

Printing Head Sprocket
Teeth

h T1>T2 "

Film Direction

G h— Ti<T2 ﬁ
T T2
Where:
T1,T2 - Tension in film between main sprocket teeth and
intermediate drives.

Figure 1.6 - Film registration by tension differential
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printing cycle [Stoker, 1987]. The tests carried in this 1987 report used high-speed
imaging of film as it passed over a printing aperture. Tests were very successful in
obtaining quantitative information on the point movement of the film. This gave useful
information on random ’flutter’ movements such as judder and movement pertaining to
sprocket picking. It was found that for a single strand of film the maximum movement
across the width of the film had a calculated value of 0.38 mm (accurate within +/- 0.03
mm). This figure for maximum deviation over 5 frames of film or 20 perforations could
be compared with the maximum tolerance of +/- 0.381 mm over the length of 100
perforations quoted by the American National Standards Institute (PH.22-119). Because
the final print is projected onto a large viewing screen the movement that can be tolerated

between the films has to be relatively small if no noticeable film unsteadiness is to be
detected by the viewer.

The identification of picture unsteadiness is by direct viewing of the processed print.
Initially a printing machine is *set-up’ (i.e.. tension pre-set, transport rollers checked for
mis-alignment, and sprocket drives checked for film perforation alignment and dirt on
sprocket teeth). Several test prints are processed and viewed for steadiness. Once an
acceptable picture quality has been achieved the printing run can begin.

As there is no direct feedback of tension or film speed and therefore no check on system
performance, the only way a machine can be seen to be faulty is when the final print is
viewed. This could take place an hour or so after it has been printed and during this time
several thousands of metres of film stock may have been printed and will have to be
scrapped. This is a strong case for a tighter control of the printing process.

1.4.2 Film transport system

The film transport system should ideally move the film across the printing head at a
precisely known velocity. This ideal situation is rarely achieved; machined components
are always subject to tolerance. If we use the analogy with sound-recording two distinct
motion irregularities can be defined, nameiy wow and flutter. Wow defines speed vari-
ation at low frequency, while flutter describes those at higher frequency. In film printing
the low frequency speed variations are usually sinusoidal, caused by non-concentric

rollers or the build up of dirt. This unsteadiness can readily be seen by using a stroboscope

-17-
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during the running of the film through the printing machine. Short-term velocity variations
or flutter can be further sub-divided into two categories:

O Those which are uniform across the width of the film, so the instantaneous velocity is
the same at all points.

O Irregular variations which are not uniform across the film.

The control and climination of these variations is notably difficult to achieve using
conventional servo control.

The main sources of flutter are:

O Tension variations in the film.

O From poorly set or machined transport rollers causing the edge of the film to rub
against the shoulder of the roller, this is commonly known as ‘edge picking’.

Low-frequency speed variations are one of the main problem areas in the printing process.
The main result of these low frequency speed variations is density bars; this is the effect
that occurs on developed film due to speed variation over the illuminated printing

aperture. These density bars occur at frequencies below 20 Hz.. The main sources of these
low frequency disturbances are:

O Eccentricities in the capstan or associated drive; these produce uniform velocity of the
drive surface with corresponding variations in film velocity. This modulation effect is
common to many film transport devices [Soluk, 1986] and the specifications found on

many systems quote a maximum relative movement compared to the height of the

. Relative Movement
0, -
35mm frame to be 0.13%. i.e.. Height of frame =0.13%

O Vibration of free lengths of film between drives, the natural frequency of film is
typically around 20-25 Hz..

It is also noticed in the film laboratory that these low frequency disturbances occur less at
the higher printing speeds such as those found on panel printers used for film duplication.

-18-
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1.4.2.1 Winding systems

One of main causes of unsteadiness in any film transfer situation is the winding or reeling
system. The disturbance from the reeling system is mainly due to the response time of the
servo systems. The greater the inertia of the film reel, the more power is needed to respond
to a disturbance. Many solutions have been used to overcome this problem. Soluk in his
paper on film dynamics on telecine machines recommends using "free-standing core
take-up, and whenever possible, avoid large film rolls". One successful system used at
Technicolour in the USA uses large negative loops to buffer the effects of winding system

from the printing area. This has enabled Technicolour to reach printing speeds of Sm/s
(1000 ft/min.) [Michelson].

1.4.3 Film properties

The findings described above are based using Eastman Kodak 35 mm acetate film.
Nowadays polyester film has emerged as a substitute base for film printing. This is due to
its wear resistance properties, although acetate film is still used due to the fact that
polyester film tends to generate static electricity which can attract dust into the printing
arca. Added to this problem of different film type there is also the problem of each
manufacture’s film having different physical properties. Appendix B describes tests made
to determine the physical characteristic properties of 35 mm motion picture film. The
results from these tests show a marked difference in damping and stiffness coefficients
between film types and also between film stock manufacture. This problem has not been
addressed in the design and production of present day sprocket film drive systems.

1.4.4 Sprocket design

The drive system of existing printing machines relies on sprocket design as well as the
accuracy of the perforations. Figure 1.7 shows a section from a drive sprocket with the
film under ideal conditions, that is all teeth are drivers and that the pitch of the film is
identical with that of the sprocket. It has been shown that this occurs very rarely, mainly
due to sprocket design and the physical properties of the film [Jones, 1923). The design
of sprocket drives has overlooked varying ages of the film and the quality if the film as it
passes though its various processes including printing, developing and drying. These
processes result in a variation in pitch ranging from about 0.2% swell to approximately

3% shrinkage. Jones indicated in his paper that a large number of laboratory wear and tests
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Figure 1.7 - 'ideal’ film registration

had shown that with the sprockets now in use, least destructive effect is shown when the
film being run has shrunken or has a shorter pitch than the actual pitch of the sprocket.

14.5 Tensioning devices

Film tension is an important criterion, related to the properties of the particular film in use.
Too much tension will allow the film to distort to an unacceptable level which will
ultimately cause excessive wear from the drive sprockets. Too little tension will cause loss
of registration on the drive sprockets. The tensioning device currently used in most
printing machines consists of a tension arm and transport roller configuration which can
be pre-set at different tensions by the adjusting the position of a spring stop. Once set, the
tension applied to the film during a print run cannot be changed.

There are two functions of this device. The first and most obvious function is the ability
to set the running tension of the film. The second function is to use the inertia of what is
essentially a spring-mass-damper system to damp out any unwanted film vibrations. It
could be said that this system is used to try and hide the problem of film unsteadiness. The
addition of this mass between the drives would have the effect of decreasing the band-
width of any servo system that might be installed on conventional machines to control

tension and speed of the film. For that reason we have dispensed with this inflexible
system of film tensioning.
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1.5 Analogous Processes

There are many different processes that in some way or another embody some of the

principles involved in film copying. A data search has identified three main areas that have
yielded useful information for this research.

1.5.1 Magnetic tape-transport mechanisms

One of the processes most analogous to film printing is that of magnetic tape recording
and playback systems. Unlike the film printing process the tape transport system has only

one transport drive. The reproduction of quality sound makes the design of the drive
mechanism together with the control system very important.

The operating modes for continuous-running tape transport systems have many variations.

The ones of most interest are the forward search, under the control of a special high-speed
capstan and the forward play mode.

1.5.1.1 Machine types

One of the early types of tape transport which might ideally suit the film transport scheme
is the "straight-through” tape path shown schematically in figure 1.8. Three motors are
used in this scheme, two for the supply and feed reels and one for the capstan drive. The
supply and feed motors are torque controlled while the capstan motor is a synchronous
motor whose speed is governed by the frequency of the power supply.

The control of this type of system is fairly crude with the tension being maintained by the
feed and take-up reels and the speed governed by the capstan roller. The tension arm and
the right most idler are used to smooth out rapid variations in tension of the tape as it
comes from the supply reel. Small tension fluctuations result from torque pulses from the

control of the supply reel. The main cause of tension variations is the lack of concentricity
of the tape recls.

In this system the amount of tape on each reel will influence the tension applied by the
reel motors. In normal operating conditions, controls applied to the reel motors are
adjusted so that the motor torques balance when half the tape is on each reel, the supply
reel applying torque in the direction opposite to the direction of tape motion. The tension
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Supply Reel

Take-up Reel

Figure 1.8 - "Straight-through" tape transport system

variations encountered during the operation of this type of machine are undesirable and

cause flutter and other irregularities of tape motion.

Because of this tension variation, any slippage at the capstan will result in speed
fluctuation. Heavy pressure on the capstan pinch roller is used to avoid this. This in turn

increases the load on the capstan motor and results in small speed variations due to the
distortion of the rubber coating of the pinch roller.

The tension fluctuations also cause the tape to stretch, which affects the speed of the film
as it passes over the heads.

The need for better quality recordings led to the design of the closed-loop drive. The
schematic diagram shown in figure 1.9 shows this drive and its principal elements. The
tape enters the closed loop over a capstan pinch roller assembly. It then passes over one
set of heads, around a turn-around idler, and then back over another set of heads. It finally

leaves the loop via the same capstan with another pinch roller.

If there is no slippage at either point of contact on the capstan initial tension in the loop

will be maintained. This type of system also minimises the amount of unsupported tape
reducing tape resonance effects.
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Tape Heads

Edge Guides

Figure 1.9 - Closed-loop tape drive

To reduce further the chance of any tension variations each feed and take-up motor is

controlled by a separate servomechanism which maintains constant tension in the tape
external to the loop.

Two main methods of servo feedback have been used in these winding systems:

O A movable arm (dancer arm) carrying a transport roller over which the tape passes.
The position of this arm is related to the tension in the tape.

[0 The other system uses a follower arm resting on the reel to sense the amount of tape

on it. This information can be used to alter the torque of the reel motor to maintain
constant tension.

Two types of reel control that are commonly used are:

e Mechanical - The tension feedback signal actuates a mechanical brake which
controls the effective torque delivered to the reel.

¢ Electrical - The sensing signal is used to directly control the torque delivered to
the motor.

1.6 Aims and Objectives of the Research Programme.

The aims and objectives can be divided into three main areas. These main areas suggested

the logical sequence for the progress of the research project undertaken.
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1.6.1 Development of capstan drive system.

The use of sprocket drives, as discussed previously in this chapter limits the performance
of film transport. Sprockets rely on film perforation accuracy and by the nature of film
conveyance cause wear to the film at these points. Gears and cams have the problem of

backlash and are relatively inflexible for complex motion profiles.

Detailed investigation has been carried out into the existing problems of unsteadiness and
other types of processes that involve the transport of web material have been examined.
Most of the processes examined involve the use of some type of capstan or pinch roller
drive system. These varied from large scale systems such as newspaper printing to smaller

ones such as computer tape drives where accurate stopping and starting of the magnetic

media are essential.

A film drive system that incorporates direct driven capstan rollers controlled entirely by
digital control systems is the objective of this section of the research.

Complex motion profiles together with elaborate control algorithms can be designed and
implemented in software. This gives the system a more accurate transport drive together

with the flexibility to change control strategies and motion profiles without major
mechanical work.

1.6.2 Simulation and control system design

The simulation of the physical system is a standard analysis tool used in the evaluation of
hardware prior to actual construction. Similarly the design and testing of control strategics
can be undertaken without the need to resort to physical testing. However the models that
are developed are always slightly different from the actual system and some of the
components of the system will have unknown parameters or noise associated with them.

The objective of this area of the research has been to develop a procedure for model
validation in order to improve model accuracy. This included physical testing of compo-

nents using various experimental tools such as frequency response analysis for system
identification.
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Two types of model were constructed. The first included detailed descriptions of the
various components of the system, described by time dependent, non linear differential
equations and transfer functions. Non-linear effects, sensor noise, external disturbanqes

were incorporated to produce a very good representation of the physical system.

The second model was a reduced order linearised version of the first one. This enabled the
system to be described in state-space form. In this form control system design was readily
accomplished using one of the available control system design software packages. Result-
ing control strategies could then be tested with the linear model description and finally
with the non-linear description of the plant to test for controller robustness.

1.6.3 Transputer implementation.

The control algorithms resulting from the design stage can be expressed as a set of
difference equations. The control strategies involved many different components includ-
ing Kalman filters and matrix manipulation. Along with these control algorithms data
input and output must be implemented. Using conventional single processor systems,
which rely on sequential computation structures, was seen to be too slow for the system

specification. It was decided to use parallel processing techniques by implementing the
control system on an array of transputers.

Using the developed control structure the aim was to extract components of the design
that could be performed concurrently by placing them on separate processors. The
objective was to reduce computation times and to maximise system performance. In the
following chapters it can been seen that the block diagram description of control systems
can be used as a basis for the building of high performance digital control systems.
Another aim of this section of research was to show the development of the control system
model into a process model described by data flow diagrams. This process model could
be developed on a single transputer using time slicing of concurrent processes and by
describing data flow channels in the abstract. Once the process model had been validated,

individual processes could be easily placed onto separate processing elements and a
reduction in computational time achieved.
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Statement of Originality

The arguments within the film industry to retain sprocket drive systems even though
numerous papers have been written describing the effects on the film and the final picture
quality have been long standing. Technology has been available in the sound recording
field for many years enabling an improved method of transport. New control and meas-
urement systems have been developed and can now be realised due to the advent of fast,

cheap microprocessors and parallel processing techniques.

The system developed in this study is unique in the area of motion picture processing. The

simulation studies carried out have enhanced the development of future film processing
machines.

Parallel processing techniques applied to this 'real-time’ problem illustrate how short
computation times can be achieved on relatively complex control algorithms, leading to

accurate control of film transport systems well beyond any current system available today.
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Summary

This chapter has introduced the fundamentals of the workings within the film printing
laboratory. It has specifically focused on the mechanism of printing large quantities of
motion picture release print. Problem areas have been identified and analogous processes

have been described with the aim of combining some of their ideas and technology to
improve the film printing process.

A brief overview of the project objectives and aims has identified three main components
for research and further chapters will expand on them in more detail.

The next chapter is intended to review control theory that will be used to develop and

finally implement the control systems for controlling some of the film printing processes.
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Chapter 2

Review of Control Theory.

2.1 Introduction

Two methods of control design were considered in this project. "Classical control"
developed in 1940°s uses Laplace or Fourier transform representations of n® order
differential equations derived from system dynamics and control specification . State-
space formulation which dates from the 1960’s represents an n® order system by a set of
n first-order differential equations. The essential difference between these two methods is

in their design procedure. The end result, for a digital controller is a set of difference
equations, for both routines.

Many of the control design problems associated with single-input single-output systems
(SISO) are based on a mathematical model of the physical system and expressed as
transfer functions. These can be dealt with using classical design procedures. Control
system design can proceed in systematic fashion using Nyquist and root locus theory.
Systems of any order can be handled with this theory, but in practice many higher order

models are which are dominated by the dynamic effects of first,second or third order
systems can be adequately described by reduced order models [Owens 1986].

Classical design methods have been widely used in the determination of system transfer
functions. Typically these are obtained from frequency response testing [Stanway 1986].
This was essential where unknown parameters existed that would not allow the formula-

tion of the plant description by conventional means or where validation/verification was
required.

State-space methods of controller design are really the only way to design controllers for
multi-input multi-output (MIMO) systems. They can deal with system descriptions of any
order being well suited for the computer [Franklin et al., 1990] and can be used to obtain
results for high-order or MIMO systems that are difficult to handle with classical methods.
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One of the main problems in designing a MIMO type of system is the interaction between

separate control loops in the process.

These MIMO systems cannot be de-coupled due to the interaction between the various
clements of the system. A controller has to be formulated that takes into consideration the
total system response. The problem is to design a regulator that keeps the output variables
near to constant, prescribed values. One technique is to choose the controller feedback
gains according to some performance index [Grimble 1986]. The resulting controller is
often called optimal. These optimal control solutions differ from classical control methods

in that they take into account noise and disturbance inputs providing a controller with a
degree of "robustness”.

Classical control algorithms such as proportional (P) integral (I) and differential (D) have
been used with some success in motor drive applications [Abdel-Azim et al., 1979].
Abdel-Azim reported that the servo control for a video tape transport system based on PID

control had some success but was affected by external disturbances from tape tension
fluctuations. Abdel-Azim concludes the paper by recommending the use of a more

sophisticated controller design to eliminate these unwanted external disturbances.

One such design is the Linear Quadratic Regulator (LQR). This design methodology,
differs from classical techniques which aim to obtain a specific transient response, and
endeavours to minimise the control energy required to keep the mean square-error
response of the system as small as possible. This method has the advantage of involving
a state estimator known as the Kalman filter, and as commented by Grimble "has proved
itself in applications and may be extended to achieve parameter estimation or to allow

the presence of non-linearities in the system", but in aircraft use it has caused a degree of
instability [Bryson, 1978).

2.2 Control Law Design Using State-Space Methods

This has concerned both MIMO and SISO types of system based on well known types of
control strategy. The approach has been to design a continuous controller then to trans-

form this to its discrete equivalent. This emulation approach has employed the use of
computer aided system design (CASD) packages, whose operation relies mainly on the
state space method of system representation. This has allowed the remaining controller
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design to use the direct digital design method [Franklin et al., 1989]. Franklin [1989, pp
238-239] discusses the advantages of state space design over classical methods and points

out that the final control equations, given the same set of specification equations, should

be very similar if not identical.

2.2.1 System description

The system to be controlled is described by a set of equations of motion. This description

of the continuous system in state-space form is given by,
x=Ax+Bu 2.1
and,

y=Cx (2.2)

Where,

AER nln,BeR rx-’ CER nxo

n - number of states, r - number of controls, o - number of outputs

If we assume that control is applied from the microprocessor via a zero order hold (ZOH)

device such as a digital to analog converter (DAC). Then (2.1) and (2.2) can be represented
by the exact discrete equivalents, given by,

xk+1D)=®x)+T u k) (2.3)
yk&)=Hx %) 24)

The first approach in designing a controller is to assume that all states and outputs are
measurable. In a ’'real’ system this might not be the case as will be seen later. This

assumption allows for the formulation of a. control law that can be tested on the plant
model as discussed in chapter 4.
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2.2.2 Regulator Design

The first step in the regulator design assumes that there is no reference input, r = 0
[Franklin et al. 1986, pp. 327]. This first assumption leads to a control law that is simply

the feedback of a linear combination of all the state elements, given by,

EN (2.5)
X2
u=-Kx=-[K;K;...]| .

-]
Substituting (2.5) in the difference equation (2.3), gives
x(k+1)=®x(k) -T' K x(k) (2.6)

The z-transform of (2.6) is

I -®d+TK)X(z)=0 2.7

The system with this control law has a characteristic equation of the form,

det| ZA-@+TK | =0 (2.8)

This structure of this control law by its nature, (r=0), drives all states to zero. The next

section describes the introduction of a reference input.

2.3 Controller design with reference input

The introduction of reference inputs to a system is the next step towards a more realistic
control system [Franklin et al 1989]. Franklin et al. [1989, pp 273] considers the nature of
inputs and shows how a good transient response is obtained for the system to these inputs.
The first stage of this type of controller design is to understand how the reference inputs
are introduced into the system, and then how the steady state of the system is effected
using this type of control strategy. The following stages deal with two methods for
reducing steady-state control for one or more outputs. Finally the case where states are not

available or contain too much noise is discussed together with a suitable solution.
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Figure 2.1 - Full-state feedback
2.3.1 Full-state feedback
The structure of this type of system is shown in figure 2.1. It has a state command matrix
N, that defines the desired value of the state, x.. The problem is to obtain the matrix N, so
that the system output, y, (determined by H,), is identical to the desired reference value.
The only assumption here is that the number of inputs to the system, u, is the same as the

number of desired outputs, y,. This will give us a unique and exact answer.

In determining N, we must understand its function. Basically it transforms the reference

values r, to the reference states, x,. This value of x, can be determined from the equilibrium
state for each reference r.

This allows us to define N, so that
N:r=x,andu=-K (x-x,) (2.9)

From the system specification we calcﬁlate what the states should be at equilibrium for
the desired outputs.
2.3.2 Pole placement

This method aims to select control gains to give adequate damping and speed of response
to the modes of the closed-loop system. Franklin [1986, pp 336] has documented the
selection of these gains for systems of up to 6th order.
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If the control input is a fixed linear function of the state vector,
u=-Kx+ Uy (2.10)

where U, is an external reference input signal, then the dynamics of the closed-loop

system are,
x=(A-BK)x+BU, (2.11)

It is clearly seen that the nature of the response is dependent on (A - BK). The eigenvalues
of (A - BK) give the frequency and damping of various modes of the system, while the
corresponding eigenvectors give the mode shapes. In the pole-placement technique, the

gain matrix K is selected so that all the modes of the system have the desired frequency
and damping.

2.3.3 Optimal control

The control-design procedures dealt with so far have only been applied to SISO systems.

If we try and apply such techniques as pole placement we find the feedback gains are not
uniquely determined by the resulting equations.

One form of optimal control, Lincar Quadratic (LQ) synthesis, aims to minimise the
control energy required to keep the error response of the system as small as possible. The
design parameters are weightings or penalties on deviations of states and controls.
Optimal or LQ control is inherently a MIMO linear system control design method
although most of its applications are MISO. It has also been applied to many non-linear
control problems [Franklin, 1981]. Frankiln [1981, pp.108] points out that this method of

system control has been mainly limited to simulation studies. Applications through actual
implementation are not widely found.

The design of control systems using this technique is obtained using specific performance
factors. These factors or performance indices are based upon engineering experience and

the judgement of the design goals required of the system [STC Inc., 1991].

We wish to implement this solution at steady-state which would yield constant gain. This
leads to a solution called the Linear Quadratic Regulator, or LQR, because it applies to
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linear solutions. Given the discrete plant, see (2.3), (2.4), the quadratic cost function given
by,

J=23 17 6 Qu 2 + ") Q: (k) @12
is to be minimised where,

¢GR nln’rER rxn’ HER Rxo0

n - number of states, r - number of controls, o - number of outputs
Q,,Q: are symmetric and positive semi-definite weightings i.e.
Q=Q'=0
The result of this minimisation is the linear constant feedback law.
u(k) = -Kx(k) (2.13)

where

K®)={Q: +T7 Stk + DIT IV Suk + 1)D (2.19)
S «is the steady state solution to the discrete algebraic matrix Riccati equation.

2.3.4 Selection of weighting matrices Q1 and Q2

The selection of Q, and Q, is usually a matter of trial and error linked with an under-
standing of the control problem. One approach has been formulated [Bryson,Ho, 1975]
which allows initial estimates of these weighting matrices to be made. Bryson’s rule (2.15)

and (2.16) provides initial estimates of the weightings so as to limit the state deviation and
control deflections to some desired values.

The approach is to take Q, =H’ Q, H so that the states enter the cost via the important
outputs and to select Q, and Q to be diagonal with entries so selected that a fixed

percentage change from the maximum value of each variable makes an equal contribution
to the cost.
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D= _15 (2.15)
m;
1 .
0. -4 (2.16)

where m;, is the maximum desired deflections of the output and u; is the maximum desired

deviation of the control u.
24 Steady-state control
Two methods of steady-state control can be implemented.

2.4.1 Feedforward control

This type of steady-state control involves the introduction of an extra control term that is
proportional to the reference input, see figure 2.2, namely,

u,=N,r, (2.17)

The steady state requirements for the system are,
N.r=x,=x, (2.18)

H, X, =y, =r

Figure 2.2 - State feedback with reference feedforward
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this reduces to,

H,N,r=r thus H,N,=1

With this extra term we assume the system is in steady state, which gives,

x(k+1)=®x(k)+Tuk)=> X =Oxt+ U

or
(@-Dx.+Tu,=0
from (2.17) and (2.18),
(®-DN, r+I'N,r=0,
reducing to

(®-I)N,+I'N,=0.

Collecting (2.19) and (2.23) into one matrix equation

& e

yields the desired result

N o]

2.4.2 Integral control

(2.19)

(2.20)

(2.21)

(2.22)

(2.23)

(2.24)

(2.25)

Feedforward is not often used by itself because its value depends on accurate knowledge

of the plant gain. The preferred method of reducing steady-state errors is to use integral

control or possibly to combine integral with feedforward control.

The addition of an integral term to the plant model has the effect of adding an integral

state to the existing output. This new augmented mode! is then used to design the control

law. The new control law will comprise gains from pre-existing state elements plus the

-37-



M. STOKER 1992 Chapter 2: Review of Control Theory.

Figure 2.3 - integral Control with Full-state Feedback

output integrator. The integrator must be added into the controller part of the system as it

does not exist in the plant. For the system described by,
x(k+1)=®dx (k) +Tu (k)
y (k)=Hx (k)
we augment the state with x,, which obeys the difference equation
X1 (k+1)=x; (k) +y (k) =x (k) + H x (k).
Collecting (2.26) together with (2.28) gives the augmented plant model
e W)

The resulting control law is given by,

- x; (k)
u (k)=-[K;K] [x (k)]

(2.26)

(227

(2.28)

(2.29)

(2.30)

With this new systemn definition, the design techniques discussed in the next section can

be used. They will result in the control structure shown in figure 2.3 for the full-state

feedback case.
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Figure 2.4 - Estimator with full-state feedback

2.5 Estimator Design

The control law designed in the last section assumed that all state clements were available

for feedback. Because typically, not all elements are measured, the missing portions of
the state need to be reconstructed for use in the control law.

We will look generally at the estimator design but later will concentrate more fully on one
particular design of estimator, the Kalman filter.

The idea behind the estimator will be to let u =— K X or u=-K T , replacing the true state
used in (2.26) by its estimate. This will provide the missing states as well as providing an
improved measurement which is often contaminated with noise, e.g film tension fluctua-
tions. The resulting control structure is shown in figure 2.4.

To minimise computational delays and improve accuracy we wish to base our current

estimates X on the most current value of the measurements yk).

This current estimator has the form,

() =X+L @ (k) - HX(K)), (2.31)

where X (k) is the predicted estimate based on a model prediction from the previous time
estimate given by,
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X(K)
Q LG -
vk ‘

X(k+1) Unit Delay

y&

U(k)

Figure 2.5 - Block representation of Kaiman filter

T(R)=®X (k- 1)+ Tuk-1). (2.32)

2.5.1 Optimal estimation

A method for calculating the L-matrix in the cquations for the current estimator is to use
optimal estimation or a "Kalman filter". To implement a constant gain in the controller a

constant-gain Kalman filter will be used. This assumes a known level of measurement

noise for estimate error minimisation.

2.5.2 The Kalman filter

Consider the plant given by the discrete description,
x(k + 1) = ®x(k) + Tu(k) + T w(k) (233)
y(k) = Hx(k) + v(k) (2.34)

where the process noise w(k) and measurement noise v(k) are random sequences with zero

mean, ("white" noise). These covariances or noise levels are defined by R. and R,
respectively.

If the form of the current estimator is as above (2.31), the aim is to pick L so that the
estimate of x(k) is optimal.
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The best estimate X of the state at time k, based on measurements up to time &-/ can be
denoted by X(k+1), see figure 2.4.

If we assume that somehow we have a prior estimate x(k) of the state at the time of

measurement, one-step ahead prediction, we must update this estimate based on current
measurements, ie.

between measurements (time update):
X(k + 1) = ®x(k) + Tu(k) (2.35)
and at the measurement time (measurement update):
2(k) =X(k) + L ( (k) - HT(k)) (2.36)
Where the steady-state Kalman filter gain can be expressed as,
L(k) =M(k) H'(H M) H" +R,)™ (237)

where M is the expected mean square error of the state estimate, X(k), before the
measurement.
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Summary

This chapter has reviewed theory that will be used to design, simulate and finally
implement a control solution. We have seen that with the use of computer aided-design
packages much of the tedious design work can be taken away, but it is still up to the

designer to asses the results from the various tested control strategies.

The use of the state-space notation in many of the design packages has led us to follow
this approach when designing the controllers. It has also been shown that similar control
equations can be derived using both classical and state-space design methods. The design

of controllers using state-space methods has the advantage that it can readily deal with
multi-input multi-output systems.

Two methods of state space design dealing with steady state control have been discussed.
Full-state feedback, where all the states of the system can be readily measured, and
estimator design, where not all the states can be measured or are contaminated by noise.
An estimator design based on the kalman filter has been described and a set of control
algorithms formulated. It can be seen from these that much computation is needed to
implement them in a ’real’ system and it was pointed out that many of these control

strategies have only been implemented in the simulation stage for this reason.

The next chapter introduces a computational device that will overcome this limitation, the
transputer.
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Chapter 3

Transputers and Parallel Processing

3.1 Introduction

The transputer has been designed as a processing element which can be connected
together in a simple way to provide a computing capability far in excess of that attainable
by any single processor-based approach whether a microprocessor or a large supercom-
puter. Unlike many previous processor designs such as the INTEL 8086 or 80286 which
were developed as genceral purpose computing devices, the emergence of the transputer
and its programming language Occam have gone along hand in hand. In fact specific
features in the architecture of the transputer were specifically designed for Occam in order
to provide high performance. Parallel processing can be defined as a technique for
increasing the computational speed of a task by dividing it into several sub-tasks and

allocating several processors to execute multiple sub-tasks concurrently.

The first part of the chapter deals with concurrency issues and describes the architecture
of the transputer. The second part of the chapter will deal with the Occam programming
language that allows applications to be described as a collection of processes thch
operate concurrently and communicate via channels. Finally it will be shown how the

direct mapping of Occam processes for real-time control applications onto an array of
transputers is possible.

3.2 Parallel Programming

Computational parallelism can be used to solve specific problems within specific appli-
cation areas. Jones [1988] has identified three areas of ’parallelism’ that represent the

maximum speed-up of an problem using multiple computing elements.
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Theoretical Parallelism. - To improve performance almost linearly with the increase of

processing elements. This theoretical speed-up very rarely occurs because of reasons

stated in the next two points.

Natural Parallelism. - A proportion of the processor’s work-load must be executed

sequentially. This would be the ideal case but as shown in the next point, it can not always
be applied.

Applied Parallelism. - Since the particular structure of the parallel processing elements
may not exactly match the *natural’ parallelism, (¢.g.. a 2-D array of processors attempting

to solve a 3-D problem), a further reduction in processor utilisation will occur.
The designer of parallel processing systems has three main choices:

i) Optimise the architecture for a particular problem, with an inherent large degree of
parallelism to match, and hence track the 100% processing element ’theoretical’

curve.

ii) Use a few very powerful processors utilising each processing element to its maximum

efficiency.

iii) Use many small and cheap processors to increase the number of processing elements
cost-effectively.

The transputer falls into the area discussed in (ii).

3.3 The Transputer

The transputer was first introduced by INMOS in September 1985. The first member of
the family was the IMS T414 32-bit device. Since its launch concurrency has been applied

in a wide variety of applications such as simulation, robot control, image synthesis, and
digital signal processing.

The transputer is a microcomputer with its own local memory and with four links for
connecting one transputer to other transputers. In the transputer product range each device
contains special hardware for tailoring it for special use. For example a peripheral
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controller such as a hard disc controller has interfaces tailored to the requirements of a

specific device.

A transputer can be used in a single processor system or in a network to build high

performance concurrent systems.

The chip architecture simplifies system design by using point to point communication
links. Every member of the transputer family has one or more standard links, each of
which can be connected to a link of some other component. This allows networks of
arbitrary size and topology to be constructed.

e Point to point communication links have many advantages over multi-processor
buses:

e There is no contention mechanism, regardless of the number of transputers in
the system, i.e.. data does not have to share a processor bus.

e There is no capacitive load penalty as transputers are added to the system.

The communication bandwidth does not saturate as the size of the network increases. The

larger the number of transputers in the system the higher the total communication
bandwidth of the system.

Transputer systems can be designed and programmed using many high level languages
such as C, Pascal, Fortran. However the programming language Occam, which allows an
application to be described as a collection of processes which operate concurrently and
communicate through channels, was considered to be superior. The transputer can there-

fore be used as a building block for concurrent processing systems, with Occam as the
associated design formalism.

Many computation intensive applications can exploit large arrays of transputers, the
system performance depending on the number of transputers, the speed of inter processor

communication and the performance of each transputer processor.

Many important applications of transputers involve floating point arithmetic. The IMS

T800, can increase performance of such systems by offering greatly improved floating
point and communication performance. The IMS T800-30, introduced in the middle of
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Figure 3.1 - Transputer architecture (IMS T800)

1988 is capable of sustaining over two and a quarter million floating point operations per

second. The comparative figure for the IMS T414 transputer is somewhat less than one
thousand floating point operations per second.

34 Transputer Family

The Inmos IMS T414 has a 32 bit processor, 2 Kbytes of fast memory on chip, a 32 bit
external memory interface and 4 links for connection to other transputers. The currently
fastest available version of this product, the IMS T414-25, has a 40 ns internal cycle time,
and achieves about 12.5 million instructions per second (MIPS) on sequential programs.

The second transputer to become available was the IMS T212, This device is very similar
to the T414 but has a 16 bit integer processor and a 16 bit external memory interface. The
T212 has a sister, the IMS M212 disc processor. This contains a 16 bit processor, RAM,

ROM, 2 inter transputer links and special hardware to control both winchester and floppy
discs.
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The current flagship of the transputer family is the T800 transputer, see figure 3.1.

Architecturally it is very similar to the T414 but includes a floating point processor as
standard.

3.5 Transputer Physical Architecture

Internally the IMS T414 consists of memory, processor and communication system
connected via a 32 bit ﬁus. The bus also connects to the external memory interface
enabling additional local memory to be used. The T800 with its on-chip floating point
processor is only 20% larger in area than the T414. The small size and high performance

come from a design which takes careful note of silicon economics.
O Central Processing Unit (CPU)

The CPU contains three registers A,B and C. They are used for integer and address
arithmetic and effectively form a hardware stack. Loading a value into the stack pushes B
into C, and A into B before loading A. Storing a value from A pops B into A, and C into
B. The processor has a microcoded scheduler which enables any number of concurrent
processes to be executed together, sharing the processor time. This removes the need for
a software kemel. The scheduler works in such a way that inactive processes do not
consume any processor time. It allocates a portion of the processor time to each process
in turn. Each process runs until it has completed its action, but is taken off the processor
queue whilst waiting for communication from another process or processor, or for a time

delay to complete. In practice process switch times are less than 1 microsecond.

O Process priority

The transputer supports two levels of priority. Priority 1 (low priority) processes are
executed whenever there are no active priority 0 (high priority) processes. High priority
processes are expected to execute only for a short time period. If one or more high priority
processes are able to proceed, then one is selected and runs until it has to wait for
communication, a tifmer input, or until it completes processing. Active processes waiting
to be executed are held in two lists of process work spaces, one for high priority processes

and the other for low priority processes. Each list is implemented using two registers, one

of which points to the first process in the list, the other to the last.
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It will be seen later how these two levels of priority are used in real-time control
applications.

O Ccommunications

Communication between processes is achieved by means of channels. Process communi-
cation is point to point, synchronised and unbuffered. As a result a channel needs no

process queue, no message queue and no message buffer.

A channel between two processes executing on the same transputer is implemented by a

single word in memory. A channel between processes executing on different transputers
is implemented by point to point links.

O Timers

The transputer has two 32-bit timer clocks. One timer is only accessible to high priority

processes and is incremented every microsecond. The other is accessible only to low

priority processes and is incremented every 64 microseconds.
O The Floating Point Unit (FPU)

The 64 bit FPU provides single and double length arithmetic. It is able to perform floating
point arithmetic concurrently with the central processor unit sustaining in excess of 2.25

Mflops on a 30 MHz device. All data communication between memory and the FPU
occurs under the control of the CPU.

O Links

There are up to four identical bi-directional serial links which provide synchronised
communication between processors and with the outside world. Each link comprises an

input channel and an output channel. A link is implemented by connecting a link interface

on one processor to a link interface on an other processor.

The links support the standard communication speed of 10 Mbits per second. In addition
they can be used at § or 20 Mbits per second.
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3.5.1 YO Interfacing

Two methods of interfacing are available with the transputer [INMOS 1987], allowing

real-time control systems to be implemented.

Memory Interface - Using the memory interface fast /O is possible, four bytes trans-
ferred per three processor cycles, provided zero wait-state memory is used. The speed is

not a continuous speed because the memory interface is also used for instruction fetching.
Communication with I/O is asynchronous.

Link Adapter - The use of the transputer’s serial links for communication results in a
slower peak speed for /O transfers than with the memory interface. The link speed of 20
Mbits/sec results in a one way communication of 1.74 MBytes/s. This communication rate

can be sustained through continuous transfer made by the link control unit. Four bytes can
be transferred in about 2 microseconds.

The use of the serial link for I/O has the advantage that it fits into the Occam programming
model. Communication with I/O is synchronous.

3.6 Occam

Occam is the programming language for the transputer. Occam can be thought of as the
assembly language for the transputer because there is a direct relationship between Occam
processes and processors. Occam is the first language to be based upon the concept of

parallel, in addition to sequential, execution, and to provide automatic communication and

synchronisation between concurrent processes.

Occam provides the necessary framework for designing concurrent systems using
transputers. The design task is eased because of the architectural relationship between

Occam and the transputer. A program running on a transputer is formally equivalent to an
Occam process, so that a network of transputers can be described as an Occam program.

In Occam programming parts of a program are referred to as processes. A process starts,
performs a number of actions, and then finishes. This definition fits an ordinary sequential

program, but in Occam more than one process may be executing at the same time, and
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Figure 3.2 - Occam program development

processes can send messages to another process, across a channel. The channel behaves
like a pipe joining the two processes.

A channel is a one way point to point hnk from one process to another. A channel can pass
values ecither between two processes running on the same processor or between two
processes running on different processors. In the first case the channel would be a location
in memory, rather like the fixed storage location of a global variable. In the second case
the channel could represent a real hardware link, such as a transputer link or other serial

communication line. Both cases are represented identically in an Occam program.

An Occam channel describes communication in the abstract, and does not depend on the
physical implementation. Thus programs can be written using channels without having to
worry about exactly where the different processes will be executed. Internally, each
process can be designed as a set of communicating processes. The system design is
therefore hierarchically structured. At any level of design the program is only concerned

with a small and manageable set of processes. The Occam language is independent of
hardware.
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A program can be developed on a single processor. When it is finished and proven the
processes in the program may be distributed onto different processors by making a few

simple declarations at the beginning of the program, see figure 3.2 .

An entire system can be designed and programmed in Occam, from system configuration
down to low level I/O and real time interrupts.

The Occam programming language is fully described in many text books, [Pountain et al.
1988,Graham et al. 1990,Inmos 1988], but a brief description of the fundamentals will be

given in the next section.

3.6.1 Fundamentals of Occam programming

Occam primitives - All Occam programs are built from three types of primitive proc-
esses,

X:=y - assign variable x to expression y1
link1.in ? x - input variable x from channe! chan.{
linkO.out!y - output expression y to channel chan.2

These primitive processes are combined to form constructs,

O SEQ construct

SEQ merely says evaluate the following processes in sequence. A SEQ process works
like a program in any conventional programming language. SEQ is compulsory in Occam
where two or more processes are to run in sequence. An example showing a simple buffer

process and using the primitive processes is shown below. The indentation is used to
indicate program structure.

1 - Occam comment
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BYTE char:
SEQ

keyboard ? x - input data from channel 'keyboard’ into x
screen | x - output x on channel 'screen’

O PAR construct

The PAR construct means execute the following processes in parallel. The components of
a parallel construct may not use shared variables, they must communicate only through

channels. An example of this below, uses two concurrent versions of the previous
example, joined by a channel to form a double buffer.

PAR
BYTE x:
SEQ

keyboard ? x - process 1
channel.1! x

BYTE x:

SEQ

channel.1 ? x -~ process 2
screen | x

The PAR process terminates when all its component processes have terminated. Note that

parallel processes cannot share variables, consequently the variable named ’x’ refers to
two physically independent local variables.

In Occam, variables are used for storing values, while channels are used for communicat-
ing values.

O PRIoritized PAR

The component processes in a PRI PAR are assigned a priority according to the textual
order in which they appear in the program. The first has highest priority. This construct
finds use in may real-time applications where it is important to interrupt a low priority
process. The example below shows an event handler. This process is run at high priority
and can interrupt a low priority process.
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PRI PAR
INT x:
SEQ

alarm ? x - high priority process
.. take action on alarm?

REAL32 y:

SEQ

data.channel ? y — low priority process
.. hormal process

[ SKIP and STOP Processes

Occam supports two special processes STOP and SKIP. SKIP may be thought of as a
process which does nothing. SKIP may be used in a partly completed program in place
of a process which will be written later, but for the moment can be allowed to do nothing.

For example a process which is to drive an electric motor could be replaced by SKIP when
testing the program without a motor.

STOP may be thought of as representing a process which doesn’t work or is broken. It

can be used when building a program consisting of a number of parallel processes as part
of one process to halt the process whilst debugging the other process.

A stopped process never continues.

INT flag:
SEQ

channel.input ? flag
IF

flag=-1
STOP
TRUE
SKIP

This process will monitor the input channel for a flag value of -1, say an error. If an error

condition occurs, the conditional IF process will execute the process STOP, which will
cause the process to lock at this point, and proceed no further.

2 ...code descriptor



M. STOKER 1992 Chapter 3; Transputers and Parallel Processing

[0 ALTernative Process

The ALT process is an unfamiliar construct in conventional programming languages. The
ALT process acts like a multiplexer. It watches a number of input processes and executes
the process associated with the first input to be ready. In the example shown below, if

chan2 were the first to produce an input, then only the second process would execute.

CHAN OF INT chan1,chan2,chan3:
INT x:

SEQ
ALT
chan1 ? x

.. process 1
chan2 ? x

. process 2
chan3d ? x

. process 3
... main process

[ PRIoritised ALTernative

Similar to the PRI ALT construct PRI ALT assigns component processes to certain

priorities. In a PRI ALT, when two inputs become ready simultaneously, the component
process with the highest priority will be executed first.

INT time:
SEQ
PRIALT

sample ? time — always do this first if ready
SKIP

TRUES&SKIP - else
... main process

O Replicated Processes

One of the most powerful features of Occam is that it allows the construction of arrays of

processes in addition to data and channel arrays.

Replicated SEQ,PAR and ALT processes can be created. Individual processes in a

replicated construct can be referred to using the replicator index.
[J Replicated SEQ

The construct of the replicated SEQ is as follows:
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SEQindex=0FORS
input.channel ? data.array[index]

O Replicated ALT

The replicated ALT consists of a number of identically structured alternatives each of
which is triggered by input from a channel.

Like the replicated PAR, it is an immensely powerful and significant construct. An
example of a replicated ALT is as follows:

ALT index=0 FOR 10

input.channel[index] ? data
output.channel | data

The process segment acts as a multiplexer, merging the communication from 10 channels
down onto a single channel.

Replicated ALT constructs provide an elegant and concise way to build and control
switching networks of all types.

3.6.2 Real-time support and I/0 handling.

When implementing real-time control systems where the digital controller is connected to
a wide variety of devices for monitoring sensors and controlling actuators the responsé
time to external events is crucial. These devices communicate information to and from the
controller via some type of i/o registers. Event signals can be generated to indicate to the
controller to perform a certain task or to indicate a fault condition.

3.6.2.1 Occam timer support

The on-chip hardware timer supported by the transputer is considered as a process. This
has allowed the real-time interfaces to be developed in data flow description following the

Occam model of programming. Because the Occam timer is considered as a process, it

can be read by an input statement via a specially declared timer channel. A single timer
process may be read by several concurrent processes.
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TIMER clock:
INT time:
SEQ

clock ? time - read value of timer 'clock’ into 'time’

The value read from the timer process is of integer type, the value derived from a clock
which increments at regular intervals. The value of this clock is cyclic, when the clock has

reached its most positive value the next increment results in the most negative value.

3.6.2.2 Delayed input

One of the set of modulo operators that is supported by Occam is the operator AFTER.
This allows a timer to be read until a specified time value has been reached. An example

of this is shown below where the next process will not be executed until the value of the

clock is later than the value of time.

TIMER clock:
SEQ

clock ? AFTER time

3.6.2.3 Measuring time intervals

The most common use of time interval measurement is for benchmarking processes. The
example below shows a typical application of this type of timer structure. The time value
measured in these applications is the elapsed time and not the processor time used by the
process. If many processes are running concurrently on a single processor the resulting

benchmark may be incorrect due to the fact that each concurrent process is being

timesliced each getting a share of the cpu time.
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TIMER clock:
INT time1,time2,time:
SEQ

clock ? time1 -~ read start time into time1
.. run benchmark

clock ? time2 - read end time into time2
time := time2 MINUS time1 - calculate elapsed time

3.6.2.4 Generating delays

The Occam timer construct can be used readily to generate events at regular intervals by

implementing a delay process. The examples below shows this construct which imple-
ments the delayed input construct AFTER.

TIMER clock:
INT time.now:

VAL delay is 500: — delay time in clock 'ticks’
SEQ

clock ? time.now
clock ? AFTER time.now PLUS delay

3.6.2.5 Interrupts

Interrupt handling is the most commonly used method to inform the transputer that an
event has happened or that an action is required. The structure of a interrupt handling
application is shown below. Making the interrupt handling process high priority and the
rest of the processes low priority, enables the high priority process to become scheduled

quickly after it becomes ready with a typical response time of 19 processor cycles.

PRI PAR

... Interrupt handling process
PAR
... low priority process 1
... low priority process 2
... low priority process 3
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Summary

This chapter has given an brief overview of parallel processing and its implementation
using the transputer as the processing element. The transputer has been shown to be a
medium sized processing element which has high computational power at relatively low

cost. The flexibility of the transputer is only limited by the number of serial communica-
tion links.

Using the programming language Occam it is possible to develop small procedures of
code called processes that can be tested individually then linked to other processes via
communication links. On one processing element (processor) these links are described in
software. On multiple processors these links can be a combination of hardware and
software communication paths. It has been shown that the applications can be described
as a collection of processes tested on a single transputer then distributed among many

processing elements to achieve the desired computational speed up.

Real-time support on the transputer is in the form of two on-board timers that allow the

development of interrupt, delay and sampling processes. The use of these has been shown
in some simple examples.

The next chapter involves the development and simulation of control algorithms. Thesé
control algorithms will be implemented on the transputer by allocating different parts of
the control algorithm to different processors thus reducing computational time and hence

increasing sampling rates. Handling of data input and output will be discussed in chapter
S.
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Chapter 4

System Simulation and Controller

Design

4.1 Introduction

Thc design of a suitable controller cannot be undertaken without a suitable description
of the plant. This description as previously discussed can take the form of either Laplace
transfer functions or state space representations. In order to arrive at these descriptions the
basic structure and dynamics of the plant have to be understood. One method of modelling

systems is to derive the plant equations of motion. Another method is to obtain the
transfer function of the system directly by experimental testing.

Once a plant model has been formulated a controller can be designed using one of the

methods previously mentioned, simulation can then be used to test the combined plant and
controller.

The use of simulation to model a physical system has several benefits as a design tool:

O It enables the system designer to gain a better understanding of the system and its
constituent components

O Fast evaluation of many varying control strategies without resorting to actual testing.

O Ability to modify the variables of the physical system along with the facility to
introduce load disturbances and noise.

O Analysis of experimental data for system identification of unknown plants.

Two simulation and control design packages have been used during this study.
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The first, ACSL, is a simulation language designed for modelling and evaluating the

performance of continuous and discrete systems that can be described by time-dependent,

non-linear differential equations or transfer functions.

The second, Ctrl-C, is an interactive language for linear system analysis and design. It
provides a work-bench for system simulation, signal processing, matrix analysis, and
graphics.

The use of a software interface between the two systems has allowed the design of a
control system to proceed as follows:

e Linearisation of non-linear plant model from ACSL to Ctrl-C.
o Representation of linear model in Ctrl-C in state space form.

e Design of control system in Ctrl-C.

e Testing of control design on ACSL model from within Ctrl-C (via interface).

e Comparison of results between linear model (Ctrl-C) and non-linear model
(ACSL)

e Robustness analysis.

The communication of information between these two design and simulation packages
can be seen in figure 1.0.

Figure 4.1 - CASD Interaction
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4.2 System Modelling

The positive and negative film are driven by two independent capstan drive systems. The
capstan drive consists of two motors directly coupled, (via flexible couplings), to drive

roller assemblies, see chapter 5. Each motor has its own servo amplifier system allowing
separate control of each drive element.

4.2.1 Egquations of motion

O DC Servomotor - The servo motors used in the capstan drive system can be described
by the following dynamic equations:

d 4.1
quaT)l=Kﬂi|—Ka0)|-hT—‘tﬁ 1)

4.2
.h%£?=Kkb—Khﬂk—n72“% “2
d [
Ll‘d—‘tl =€ —R| i| ‘-Ku (O] (43)
di . .
la?!'}:ez—Rzlz—szO)z (44)

Figure 4.2 shows the motor equations in block diagram form.

O Film tension - The only physical link between the two film drives is the film itself.
The dynamics of the film can de described by,

dT

t=K(mzrz+m. n+C@rn+mn) (4.5)

where the system state variables are,

i;: = Motor currents
. = Motor angular velocity
T =Filmtension

e;, = Motor control signal
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1 )
e—!—’é._b L R . Kt - 1 =
+ S+ J JS+v :
s)

Figure 4.2 - Block description of servomotor

00 Amplifier - The drive source for the servomotor is a current amplifier. This type of
amplifier gives a constant output current for a given input voltage. The amplifier

system can be considered as operating in torque mode and can be described by the
Laplace transform as,

i) Kump (4.6)
Vj..('S) - 1+ 1-’.7

where K., is the gain of the amplifier and ?L— is the bandwidth of the amplifier in torque

configuration.

Examination of the dynamic equations of the servomotor show that the terms associated
with the electrical behaviour of the motor, (4.3) and (4.4), do not influence the current
actually being delivered to the motor. The overall transfer function describing the motor

driven by a current amplifier is given by (4.7). The block diagram representation of this
system is shown figure 4.3.

Vald) __ KiKew 4.7
As) s+ (14 Tuwps)

The other plant parameters are shown below in Table 4.1.
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E Current E Servomotor
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Figure 4.3 - Servomotor driven by current amplifier

The above dynamic equations describing the various elements of the capstan drive system
were used to build a simulation model in ACSL. The model description also included

non-linear elements of the system such as amplifier saturation limits, start up friction
(stiction), and tension limits e.g. tension in the film can only be positive.

Properties of film such as damping and stiffness vary from manufacturer to manufacturer.

The two main materials used for the manufacture of film, polyester and acetate also have

Capstan hub inertia 2.61E-06
Kt 1,2 Motor torque constant 0.074 Nm +10%
Kd1,2 Motor damping constant 1.35E-06 |N m/rads™
ri2 Capstan hub radius 0.0125 m
1.2 Torque friction 0.0056 N
L12 Motor inductance 0.0017 H
R12 Motor resistance 2.15 Ohms @ 25°C
Kb1,2 Back EMF constant 0075 | Virads™ +10%
K Film stiffness 20,000 Nm | Agfa(Neg.)
C Film damping coefficient 14.0 Nms Agfa (Neg.)

Table 4.1 - Physical Plant Parameters
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differing characteristics. Appendix B describes fully the testing procedures used to
determine the physical properties for various makes of film. The results show clearly the
variable characteristics of film used in the motion picture industry.

43 Controller Design

The design of the capstan servo is based on the optimal method of control system design
as discussed in Chapter 2. It consists of three main stages,

[0 Controller based on feedback of all the states.
[0 Controller with added integral control.

O Controller with added integral control and estimator.

The ACSL simulation model using the equations of motion as described above was
linearised to give a set of state-space equations. Using Ctrl-C, design by the various
control strategies listed above could be derived using the linear model description. The
resulting control algorithms were then incorporated into the ACSL model which was run
under different operating conditions to examine the effect of the controller on external
disturbances and how this affected the desired output of the system i.c. film tension and

speed response. The final test of these controllers was made on the laboratory test rig.
These results are shown in later chapters.

4.3.1 System specification

The capstan drive system can be described as a multi-input multi-output (MIMO) system.
The inputs to the system are motor current control signals. The outputs of the system are
surface film speed and film tension. For feedback, the speed and motor current are directly
measured. The film tension can be estimated directly from these measurements.

The system specification is as follows:

i) Transient response to a step disturbance of speed to have a settling time of less than

I jdth . .
{Zm{rn:':de;;aeed , with negligible overshoot. Speed disturbances are typically in the

order of 5% of film running speed.
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Tension/Speed Tension ({=0.7) Speed ([ =1)
1 19.5 337 236
2 9.5 690 483
3 6.3 1035 724
4 4.7 1380 566
5 3.8 1724 1207

Table 4.2 - Response specification

ii) Transient response to step disturbance of tension to have a settling time of

dh |
fil;n";fr m‘:z'::s;’le‘fd’ with no more than 5% overshoot. Tension disturbances are typi-

cally in the order of 10% of running tension.

iii) Zero steady state error to constant speed and tension commands.

iv) Each drive motor is limited to 6A peak and 3A continuous current,

Typical film tension over the printing head is between 8 and 15N. Film printing speeds
currently reach 3.5 m/s but the aim is to increase this to 5 m/s. The relationship between
system response and frame rates is outlined in table 4.2 .

Specification (iii) must account for any model inaccuracies or constant disturbance inputs.

If this specification is satisfied the controller design will exhibit good "robustness"'.

4.3.2 Controller design formulation

From the equations of motion of the system derived in the previous section we can write

the state-space equivalents,

1 Definition of a robust system - For a change in plant gain due to parameter changes then system will
still have a zero steady state error to a constant input.

8T
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—2000 0 0 0 0] [6000 O (4.8)
0-200 O0 O 0 0 6000
[x]1={ 3317 0 -5 0 -553 |x+ 0 0 |u
0 3317 0 -5 -553 0 0
| 1368 1368 831831 456| [ O O]
where the desired outputs are

00 0 01

T1_ x (4.9)
v |=| 0 0 -0.0063 0.0063 0

where

[x]=| @ and u=[“']
T

Figure (4.4) shows the frequency response of the plant. The eigenvalues of the plant
matrix in (4.8) are,

§=-5.0,-230 ¥ 932/, =2000

The open loop resonance at 932 rad/s is from the combination of the film dynamics and

the capstan/motor inertias. This system can be approximated to a second order mass-
spring-damper system.

The approximation to a second order system allows the bandwidth of the system @, as

indicated on the frequency response to be approximately related to the natural frequency
of the system. From the specification the 5% overshoot on the tension response gives a

damping factor { of 0.7. The specification for the speed calls for negligible overshoot,
critically damped, giving a damping factor of 1.

To allow the specification on settling time to be reached, a sample frequency of 25 times
faster than the maximum bandwidth was chosen.
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Figure 4.4 - Open loop frequency response of plant

4.3.3 Reference input structure LQR controller.

4.3.3.1 Full-state feedback

The first stage of the controller design is to assume all states are available for feedback
even though the tension in the film cannot be directly measured and in practice is subject

to much external disturbance. The design is based on the linear quadratic regulator design
outlined in Chapter 2.

The output quantities to be controlled are the film speed ¥ and film tension T. The
weighting of these outputs can be defined in the cost {, as outlined in Section 2.

Although the specification states that there should be no steady-state error we will weight
cach clement according to a very small deviation which as (4.10) indicates gives a

weighted matrix showing the relative importance of these parameters. The cost J, is
initially chosen as,
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10 0 (4.10)
Q'=[ 0 500]

and

10 (4.11)
o=[o 7]

the cost Q, indicates that each control input is to be used equally which is sensible as both

drives are assumed identical and the system is to be used to print in both directions.

A sample time of 150 )is was chosen. The state-space matrices were discretized using this
time interval giving,

[ 0.7408 0.0000 0.0000 0.0000 0.0000 ] (4.12)
0.0000 0.7408 0.0000 0.0000 0.0000
®=| 04214 00083 0.9942 -0.0050 —0.0798
-0.0083 0.4214 -0.0050 0.9942 —0.0798

| 01979 0.1979 0.1201 0.1201 0.9240

-

[ 0.7775  0.0000] (4.13)

0.0000 0.7775
I'=| 02005 -0.0025
-0.0025 0.2005

| 00902 0.0902

Using the cost quantities above, a discrete equivalent of the LQR feedback gains could be
formed,

K= 0.6073 0.3809 0.3876 0.2110 1.0178 (4.14)
~10.3809 0.6073 0.2110 0.3876 1.0178

Using the reference state structure as discussed in section (2.) a state command matrix

N, can be formed from the plant’s physical relationships at the desired command values,

[ 0.1667 -0.1210 ] (4.15)
0.1667 0.1210
0.0000 -80.000
0.0000 80.000
| 1.0000 0.0000

N:
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Using these newly formed command and feedback gains the closed loop plant matrices
can be formed as,

Q,=d-T'xK, and
rd =FXKXN1,
giving,

0.2686 —0.2962 —0.3014 —0.1641 -0.7914 ] (4.16)
-0.2962 0.2686 —0.1641 -0.3014 —0.7964 »
@, =| 0.3006 -0.0832 09170 -0.0464 -0.2814

-0.0832 0.3006 —0.0464 0.9170 -0.2814
| 0.1088 0.1088 0.0661 0.0661 0.7404

[ 09194 -11.0077 | 4.17).
09194 -11.0077
T, =| 02342 -2.8745
02342 2.8745
| 02133 0.0000 |

Figure 4.5 and 4.6 show the step response of this full-state feedback system. The input is
a unit step for both speed and tension commands. ‘These results show that the tension has

a settling time of approximately 0.001 sec. with an overshoot of less than 5%. The
response to a unit step in speed meets the specification. Control effort for tension and
speed are both within acceptable limits. The resulting gain matrix (4.14) has allowed the
system to become well decoupled. This can be clearly seen from the step responses on
cach input. The control effort, discussed earlier, is directly proportional to the current
signal, which shows that the speed of the film is directly proportional to the difference in

current signal while the tension in the film is directly proportional to the sum of the current
signal.

Figure 4.7 shows the effect of a constant disturbance of tension on the capstan system.
This disturbance is typical of the tension associated with the external winding system
which although buffered does have some effect on the printing head drive system. The

next section uses the same full-state feed-back but with added integral control on the
tension input to eliminate any steady-state error.
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Full-state feedback with no extemnal disturbance.
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Figure 4.5 - Response of unit step tension input
Full-state feedback with no extemal disturbance.
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Figure 4.6 - Response of unit step speed input
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Full-state feedback with constant extemal disturbance of 1N
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Figure 4.8 - Closed loop frequency response.
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The closed loop frequency response (figure 4.8) for this full-state feedback controller
shows that the specification has been achieved with a bandwith of 6000 rad/s for the
tension and 1556 rad/s for the speed. The tension specification is higher than required.
This specification can be reduced by reducing the tension weighting term. This will also
have the effect of reducing the steady state error.

4.3.4 Full-state feedback with added integral control

In the next stage the aim is to reduce the steady state error on the tension value, and also
to maintain the robustness of the system. The tension will be fed-back and the resulting
tension error integrated. The resulting new system description is based on the augmented
plant model represented by (2.29). This added state, (integral tension), is used to form new
augmented state matrices. This has been readily accomplished by adding a third output

consisting of the extra state giving the new output matrix,

00 O 0 1 (4.18)
0 0 -0.0063 0.0063 0
00 o 0 0

The new discretized state matrices can be formed from (2.29) as,

[ 1.0000 0.0000 0.0000 00000 0.0000 0.0000] (4.19)
0.0000 0.7408 0.0000 0.0000 0.0000 0.0000
@ =| 00000 00000 07408 0.0000 0.0000 0.0000
*7| 0.0000 04214 -0.0083 0.9942 —0.0050 —0.0798
0.0000 -0.0083 0.4214 -0.0050 0.9942 -0.0798
| 0.0000 0.1979 0.1979 0.1201 0.1201 0.9240

0.0000 0.0000 ] (4.20)
0.7775 0.0000
r | 00000 07775
*=1 0.2005 -0.0025
-0.0025 0.2005

| 0.0902 0.0902 |

A new weighting matrix is also formed that weights the new state. This is given by,

1 0 0 4.21)
O,=| 0 500 0
0 0 001

-T4 -
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Full-state feedback with added integral control - no extemal disturbances.
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Full-state feedback with added integral control - no external disturbances
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Full-state feedback with added integral control - external tension disturbances (rms 1 unit)
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Figure 4.11 - Response to unit step in tension + speed

Full-state feedback with added integral control - process noise disturbance (i1, iz) (rms 1 unit)
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Figure 4.12 - Response to unit step in tension + speed
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Using this new augmented systemn description a new set of feedback gains is formed given

by,

[ 0.0151 0.4649 0.2555 0.2983 0.1378 0.5501
K.=| 0.0151 0.2555 0.4649 0.1378 0.2983 0.5501

(4.22)

This new gain matrix can be partitioned into two gains, one for the integral state (K,), and

one for the original state (K),

K= 0.4649 0.2555 0.2983 0.1378 0.5501
~1 02555 0.4649 0.1378 0.2983 0.5501

_| 0.0151
K ’[ 0.0151 ]
From these gains, closed loop system descriptions can be formed as:

¢d=¢l_r|XK, and

r -— -TM 0
47| KN,
where Tref is the tension reference command.

This leads to:

1.0000 0.0000 0.0000 0.0000 0.0000 1.0000 |
-0.0117 03793 -0.1987 —0.2320 -0.1071 -0.4277
@,=| 00117 -0.1987 03793 -0.1071 02320 —0.4277

-0.0030 0.3288 —0.0584 0.9347 -0.0319 —0.1888
-0.0030 -0.0584 0.3288 —0.0319 0.9347 —0.1888
| -0.0027 0.1329 0.1329 0.0807 0.0807 -0.8248

[ -1.0000  0.0000 ]
2.1062 -17.6804
L=| 21062 17.6804

d 1.0421 -9.1231
1.0421 9.1231
| 1.0060 0.0000

(4.23)

(4.24)

(4.25)

(4.26)

(4.27)

(4.28)

Figure 4.9 and 4.10 show the unit step response of this full-state feedback controller with
added integral control. The tension steady state error has been reduced to meet the
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Full-state feedback, added integral control and estimator - extemal tension disturbance (s 1)
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Figure 4.13 - Response to unit step in speed + tension

Full-state feedback, added integral control and estimator - process noise (i1,i2) (rms 1 unit)
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Figure 4.14 - Response to unit step in tension + speed
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Full-state feedback, added integral control and estimator
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specification and the control efforts are further reduced. Adjustments to the weighting
matrix have achieved this response.

At this stage we have a optimum solution for the controller that meets the system
specification. This ’ideal’ system has not taken into account the effects of measurement

inaccuracies associated with external disturbances and sensor accuracy.

There are two main sources of disturbance,

O Process Noise - This is assumed to be associated with the control signals and enters
identically to both servo drive systems.

O Tension Disturbance - This is the main source of disturbance to the system and the

most important as the source of this disturbance, the film, is the couple between the
two capstan drives.

Tension disturbances and process noise were added to the ACSL model of the system
together with system non-linearities such as amplifier limits and tension limits.’

The controller was run on the ACSL model of the capstan drive via the software interface.

Results showing the effect of unit step inputs on both tension and speed with the added
disturbances are shown in figures 4.11 and 4.12.

The response of speed and tension show that there is no effect on the speed response of
the film. This is partly due to the excellent mechanical damping from the capstan/motor
assembly. The response of the tension to disturbances can be clearly seen but as in the

case of the speed response, damping has reduced the effects of tension disturbance.

The next stage was to implement a Kalman filter to reduce the effects of these disturbances
but retain system robustness to plant parameter changes.

2  Tension in the film can never be negative.
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4.3.4.1 Estimator design

As stated previously the only mechanical link between the two drive capstans is the film.
This is also the main source of disturbance input to the system. The high stiffness of
motion picture film together with its small cross section allows for much tension fluctua-
tion for small displacements in the film. The amount of free film between transport rollers
and the capstan drive also is an important factor when considering film vibration. Any out
of *true’ rollers can cause edge picking of the film which is transmitted into the film. These

effects have been simulated in the non-linear model as random vibrations although in
practice they might follow a cyclic pattern.

One solution that aims to reduce the effect of process noise is the Kalman filter, see section
2.5.2 .The Kalman filter estimator is based on a model of the system. Without process
noise or disturbances the estimator will receive the same control input as the plant and no
estimator error will be generated. The same process noise used in the last section will be
used to test the estimator. As stated previously the tension measurement is directly

proportional to the sum of the control input, effectively current, measurement. The film
speed is directly measured.

The sensor noise matrix R, describes the rms error level of the measurement. The mms

tension measurement is 0.IN. The speed measurement is more accurate with a rms

accuracy of 0.001m/s. The sensor noise matrix can be written as

r.-[001 0 (4.29)
710 0.000001

The process noise matrix acts directly on the continuous part of the system and in this case
is assumed to enter the control signal input identically. After an initial arbitrary choice and

some testing to obtain the best estimator performance the following process noise matrix
was formed,

R.=[0001 0 (4.30)
0  0.001

The estimator was based on the plant model described by (4.8) and resulted in the gain
matrix,
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0.0600 —0.0843 | (4.31)
0.0061 0.0180
L=| 02193 -1.5626
—0.0146 14198
| 0.2096 -0.1473 |

The unit response shown in figures 4.13 and 4.4 shows how the estimator has reduced the
measurement noise and process noise. The poles of the model based estimator have been
chosen to be twice as fast as the original system. Again it can be seen that the speed
response is unaffected by these disturbances, effectively damped out by the mechanical
elements of the capstan drive. The final controller test is one of its robustness. The main
parameter change that is important to consider in the film industry is the different types
of film that are used. The system has different behaviour with polyester and tri-acetate
film. From the calculations shown in appendix A, on the determination of film properties,
two plots can be made for each type of film, (tri-acetate and polyester) i.e. two different
film stiffness and damping coefficients. Figure 4.16 shows the response of the system
using the two different types of film. Both film types have similar stiffness coefficients
but polyester film has a lower damping coefficient (5.1 N/m/s) compared to that of
tri-acetate film (14.0 N/m/s). This lower damping is clearly seen in the unit step response
curve. The response of this film type still remaixis within the system specification. The

system can be said to be robust for change in plant parameters, external disturbances, and
process noise.
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Summary

This chapter has dealt with the formulation of state-space matrices to describe the capstan
drive system. This state-space description was formed by lincarising the equations of
motion of the various components of the plant. The linear description was used in a CASD
package (Ctrl-C) to develop several controller strategies based on LQR and state-feedback
methologies. Three main strategies were developed, full-state feedback, full-state feed-
back with added integral control and finally full-state feedback with added integral control
plus estimator. The three controller designs were tested on both the linear and the

non-linear description of the plant, the non-linear system included external disturbances,
process noise and saturation limits.

The results showed that although the full-state feedback gave an adequate response the
addition of integral control of the tension gave zero steady state error in response to
external disturbances. The speed response of the system remained within the specification
for all controller designs. This was partly due to the mechanical damping of the system
(capstan and motor inertia) and the good decoupling from the tension. The use of the

estimator (Kalman filter) gave the system excellent rejection to tension disturbances and
process noise.

The next chapter deals with the implementation of these algorithms on a digital controller.
The systems described work well in simulation where the sample time has been chosen to
reflect the system performance not the implementation criteria. The following work will

show how these relatively complex algorithms requiring fast computational times can be
realised using parallel processing techniques based on the transputer.
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Chapter 5

Control Implementation &

Experimental Testing

5.1 Introduction

For complete validation of the model and derived control algorithms it was necessary to
design and construct a prototype test rig. This test rig would have to mirror the copying
process that is currently undertaken by conventional printing machines, and at the same
time incorporate the new design concepts previously mentioned. A process of actuator

selection was undertaken based on the specification of the control system together with
the sensor selection that satisfied the controller design.

A controller design based on the strategy formulated in Chapter 4 has been implemented
on the transputer system to maximise system performance, reducing computational time
and increasing the flexibility of the system. Using the control block diagrams, data flow
diagrams were formed. This has enabled potential signal bottlenecks to be identified.
Using these data flow diagrams transputer architectures have been implemented that

maximise data flow through the system allowing greater computational tasks to be
achieved in a shorter time period.

5.2 Capstan Drive

Plate 5.1 shows the final prototype test rig used for system testing. The hardware
configuration, figure 5.1, and system design have been divided into several arcas.
5.2.1 Capstan transport mechanism

Each capstan drive consists of a film transport roller fixed to a shaft which is coupled to
a brushless motor via a flexible coupling. The flexible coupling has the effect of reducing
backlash from the main motor and compensating for any effects of shaft mis-alignment.
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Figure 5.1 - Hardware elements of capstan drive

Tests were made on the motor-coupling-capstan assembly to identify the effect of the
coupling on the system. Figure 5.2 shows the response tests on this system. The coupling

can be seen as the second order system effect with relatively low magnitude (-50 db). This
effect has been ignored in the simulation tests.

A hold down roller ensures that film does not slip while being transported. The hold down
roller consists of a roller with rubber tread on either side, plate 5.2. The rubber tread allows
the film to be driven only on the perforated edges of the film, so as not to damage the film
emulsion. Guide rollers between the two associated capstan drives (positive or negative
film path) are mounted on rotating discs to allow the position of the rollers to be altered.

This is used to investigate the effect of different film paths and film/roller wrap on the film
motion.

5.2.2 Brushless motors

Plate 5.3 shows the brushless motor mounted at the rear of the printing head plate

assembly. The various design constraints from the specification have given the following
performance requirements:

e Bi-directional speed control

e Low inertia servo motor able to handle acceleration demands one order of

magnitude larger than the continuous torque
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Plate 5.3 - Brushless DC motor for capstan dri
connected via flexible coupling
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Frequency Response
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Figure 5.2 - Frequency response test
[ motor + coupling + capstan]

e Servo motors with low torque-ripple
¢ High running speeds (6000-10,000 rev/min)

These requirements have led to the selection of a Brushless DC motor together with a
compatible Servo Drive Unit. Appendix (D) details the full motor specification. Each
motor has an optical encoder fitted. Each module is fitted witha 1000 line optical encoder

disc and two sensors mounted 90 degrees out of phase allowing quadrature counts to be
obtained.

5.2.3 Servo drive unit

The servo drive unit is a dynamic velocity controller providing trapezoidal drive for
three-phase motors with hall effect commutation sensing, and two-channel optical encod-
ers for velocity feedback. It has low torque ripple and torque disturbance. The drive unit
can operate in torque mode producing a current signal proportional to the amplitude and

polarity of a drive signal. A full specification is given in Appendix(D). The unit supports
two modes of operation:

O Velocity mode - Velocity mode is where the command signal is balanced at the
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summing junction of the first control loop against a signal which constitutes tacho
feedback. The difference between the two signals is amplified and limited, and
becomes the torque command. This in turn is balanced at the summing junction of the
second (inner) control loop against the current feedback signal. The error is amplified
and used to drive the PWM power stage to control power to the motor. The velocity

amplifier thus provides the command for the torque amplifier.

O Torque mode - In torque mode the tacho is disconnected and the velocity loop
amplifier is set to unity gain (by connecting a local feedback resistor). Thus any

command on the velocity command input is passed through to the torque command
unchanged.

Encoder pulses from the motor consist of two channels A and B 90 degrees out of phase,
and an index pulse. At each transition of the encoder ( rising or falling, A or B) a decoding
circuit computes the direction and at the next system clock edge will set an output for *up’
or '"down’ accordingly. At the next system clock edge this will be reset, so if the encoder
is rotating in a clockwise direction at a steady speed there will be a train of *up’ pulses
one clock cycle wide. The limit of this is where two transitions occur in less than two
complete clock cycles, in which case an error is generated (because the second transition
would be missed). Thus the maximum output rate of the circuit is one pulse every two

clock cycles, a 50% duty cycle. Encoder hardware details are given in appendix D.

The clock frequency is 1 MHz., so the maximum output frequency is 500 kHz.. In practice
this is limited to 400 kHz. to avoid errors due to quadrature imperfections in the encoder.

Since the output pulse is generated for every transition of the encoder outputs, and there
are four of these per line, the maximum line frequency is 100 kHz..

Thus a 100 kHz. output signal from the encoder will generate 1 microsecond wide pulses
at the rate of 400 kHz.. This signal is applied to a switch which switches a precision 10
volt signal onto the output filter, so the average of the signal will be approximately 4 volts.

5.3 Interface Hardware

The interfaces allow communication between the digital controller and the plant. Table
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Encoder A TTL TRUE=HIGH ouT

Encoder B TTL TRUE=HIGH ouT
Motor Current Analogue 5 Volts (Peak) ouT
Control Signal Analogue +/- 10 Volts IN

Table 5.1 - Connections between plant and controller

5.1 lists the various control signals associated with one drive element of the dual capstan
film drive.

O Pulse Processing - To achieve fast i/o it was decided to use a memory mapped pulse
processor that could undertake extra processing of data relieving the main i/o proces-

sor of some of its computational loading. The pulse processor has many useful
features:

e 15 commands for executing pulse i/0 operation

Up to 16 commands are programmable from the MPU into the function table
(RAM)

e 24 16-bit universal registers
e 16 i/o terminals with 8 internal registers for pulse i/o control
Interrupts can occur at the falling edge or rising edge of all pulse signals

Pulse width resolution is 5 pis when executing 16 commands at 4 MHz operation
frequency.

This universal processor has allowed many computational intensive operations to be
carried out such as pulse width measurement,pulse cycle measurement, phase difference
measurement and counting of two-phase pulse signals. The two-phase pulse signal
counting has allowed quadrature counting from the two channels of the encoder.

O Analog Input - The analog signals associated with the system were interfaced using
multiplexed and demultiplexed serial i/o devices connected to the transputer controller
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via the serial links. The decision to use multiplexed i/o devices was made on an
affordability rather than a practical decision. The ’ideal’ solution to the interfacing of
these signals is discussed in later chapters. The analogue signals from the servo drives
that indicate motor current are interfaced to the controller via a multiplexed link

adapter device. These current signals are used to estimate the tension in the film (sum
of current signals).

O Analog Output - The output to the system are voltages that represent the control
signals for the motor drive units, (2 in total for the capstan drive). Ideally we would
have liked to output these from 2 separate DAC devices each connected to a separate
link (or processor). This would reduce the added computation time associated with
de-multiplexing processes and conform more to the design of the system as a data flow
problem. Unfortunately limited hardware has only allowed the use of a single link

DAC with de-multiplexed channels. This however has still given the performance
necessary to fulfil the system specification.

The total system was designed to be of modular format with most of the devices being
eurocard or TRAM (TRAnsputer Module) specification. This modular approach has

allowed quick development of the prototype system together with the added flexibility of
using replaceable modules.

54 System Configuration and Testing

One of the limitations (at present) is the number of links on each transputer, typically 4.
To maximise data transfer between processors,the links, which are autonomous DMA
engines, must be kept as busy as possible. To avoid links waiting on the processor or vice
versa, the link communication must be decoupled from the main processing. This is
achieved by running the input and output processes in parallel with the main routine.
These input and output processes can be considered as simple buffers, allowing the

processor to perform computation on one set of data, whilst concurrently inputting a new
set, and outputting the previous set.
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Table 5.2 - Floating point arithmetic performance

PAR
buffer(adc.data,in.alg)
main(in.alg,out.alg)
buffer(out.alg,dac.data)

The input processor as described above is a 16-bit transputer. The data from the processes
running on this transputer must be kept in integer format until transferred to the processes
that deal with the computational intensive control algorithms. These processes run on the
32-bit T800 transputer. It is possible to do a type conversion (INTTOREAL32 - software
run time package) on the 16-bit processor but the overhead associated with computational

time makes it unsuitable for real-time processing. Table 5.2 summarises the comparison

in performance for some floating point operations.

Host Systemn
BT
M Servo Drive Capstan
b
A
i b
Confrolier —

Figure 5.3 - Capstan system: Modular configuration
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(5)X.ermor
Figure 5.4 - Process +data flow configuration
Full-state feed-back controller
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The capstan drive consists of three main parts:

o System Plant - This is the physical system to be controlled.
o System Controller - The digital implementation of the control algorithms.

e System Host - The host sub-system i.e. user/system interface.

The configuration and the various interconnections are shown in figure 5.3.

To allow experimental data to be obtained a data acquisition routine was written. This was
executed on a single transputer with data stored in local memory before being transferred
to the host-sub system. The data acquisition system was run concurrently with the main

control system. This ensured that there was no degradation of the execution of the control
algorithm.

5.4.1 Full-state feedback

Figure 5.4 shows the data flow diagram for full state feedback control. This system is
relatively easily implemented on the transputer and can be configured as shown in figure
5.5. Each processor has a single main process - process.n - where n is the processor
number. Within each cach of the main processes are the allocated blocks of the controller.
Also contained in this main process are the link buffer processes. These link buffer
processes allow data to be transferred to the link engine ready for transfer to another
processor whilst the main processor is working on a new set of data. Each *software’ link

indicates the direction of data flow and the target process, ¢.g. to.process1 indicates data
flow into process.1.

The software configuration shown in figure 5.4, i.e. without multiple processors, can be
readily implemented on a single processor,

PAR

process.0(from.host, to.host, from.plant, link.process.1.2)
process.1(link.process.1.2, link.process.2.3)
process.2(link.process.2.3, to,plant)

(link.process.n.m is the software’ link between process n and process m).

Once the process configuration had been tested the configuration onto multiple processors
could proceed. Each ’software’ link on each main process is assigned a ‘hardware’
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(physical) link on each processor, e.g. for process.0 - the outputing ’software’ link
to.process| is assigned to the "hardware’ link link2.out on processor 0 (T0); the inputting
'software’ link from.process0 is assigned the *hardware’ link link0.in on processor 1 (T1).
This can be summarised in the following Occam configuration code and figures 5.5 - 5.6,

PLACED PAR
PROCESSOR 0 T222
PLACE from.host AT link0.in:
PLACE to.host AT link0.out:
PLACE from.plant AT link1.in:
PLACE to.process1 AT link2.out:

process.0(from.host, to.host, from.plant, to.process1)
PROCESSOR 1 T800

PLACE from.process0 AT link0.in:
PLACE to.process2 AT link1.out:

process.i(from.process0,to.process2)
PROCESSOR 2 T800

PLACE from.process2 AT link0.in:
PLACE to.plant AT link1.out:
process.2(from.process2, to.plant)

Benchmark timing and processor activity routines were used to obtain the figures shown
in table (5.3),

The total execution time for the complete controller was calculated by letting the control-
ler free-run’ i.e. no sample period, and observing the control signal output from the ADC.
The execution time was found to be 115 pis. This total time included not only the individual

process execution times but also the time taken for block data transfer over the processor
links.

1 100% 80
2 20% 20
Total Execution 115
Time ps

Table 5.3 - Controller performance figures
Full-state feedback
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The process consuming the most processor time is the control calculation (process.1). This
process consists mainly of REAL32 floating point arithmetic. To minimise link data
transmission overheads the system state data was passed from one processor to another ,
(via buffer processes), in array blocks. This method led to a reduction in the amount of

times a individual processor had to open and close link communications.

Figure 5.7 shows the response of the system to a step input of tension and speed for both
the experimental and simulation tests. The results show that the rise time and steady state

error for both the simulation and experimental results are similar. Stiction caused by the
capstan hold-down roller can be seen in the film speed curve as an initial response lag. At
constant running speed this stiction effect would be negligible. The slight discrepancy in
the speed and tension steady-state error was due to a build up of tolerances on the
mechanical items, particularly the capstan rollers. The system could easily be calibrated
to overcome this error. Tension fluctuations are clearly evident in the experimental results,

this could be due to film dynamics but as the tension measurement is obtained from the

Full-state feedback controlier

Experimental Ve Simulation Results
1.2

‘eTension - Simulation

—————— L ©-Speed - Simulation — 1
I --Tension - Experimental
| *Speed - Experimental
—————— T— —— —
l I
| |
0 2 4 6 81
Time (ms)

Figure 5.7 - Unit step response for tension/speed
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summation of the two current readings the following reason is more plausible. The
control effort experimental data was measured from the servo amplifier system. This
current measurement is obtained by using a low resistance sensing resistor on the current
feedback amplifier. The noise associated with this output is typical of current measure-
ment. The film dynamics were studied by strobing the film during constant running speed.
Tension fluctuations shown in the experimental data could not be seen, pointing to the

current measurement as the source of noise.

5.4.2 Full-state feedback with added integral control

The data flow diagram from this system, figure 5.9, again reflects the control block
diagram derived in chapter 2, see figure 2.13. The addition of the integral term and its
associated calculations still allow the system to be configured as shown in figure 5.10.

The extra terms associated with the integration increase the execution time of the

controller calculation by 10 ps. This is still within the system specification. Experimental

Fuli-state feedback controlier with added integrator

Experimental Vs Simulation Results
1.4

....................
e e om

—— e — — S— —— —— m— w— o a— — — o — —— —

++ Tension - Simulation
©-Speed - Simulation

--Tension - Experimental
“Speed - Experimental

— — — ——— — — ]

Figure 5.8 - Unit step response for tension/speed
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Figure 5.9 - Process + data flow configuration
full-state feedback with added integrator.
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and simulation data for the system response tests are shown in figure 5.8. The steady-state
error of the tension present in the full-state feedback controller configuration has been
climinated. The experimental tension response tests show a reduced peak overshoot. This
discrepancy is due to slightly differing properties of polyester film between manufacture.
However it illustrates that the system can cope with these parameter changes to give

responses within the system specification.

5.4.3 Kalman filter estimator

The introduction of the Kalman filter to the system was intended to eliminate most of the
external disturbance seen in the previous two controllers. The process and data flow for

this system are shown in figure 5.11. The software configuration to implement the system
shown in figure 5.12 and 5.13 can be written as,

PLACED PAR
PROCESSOR 0 T222
PLACE from.host AT link0.in:
PLACE to.host AT link0.out:
PLACE from.plant AT link3.in:
PLACE to.process1 AT link2.out:

process.0{from.host,to.host,from.plant.to.plant)
PROCESSOR 1 T8

PLACE from.process0 AT link0.in:
PLACE to.process2 AT link2.out:

PLACE from.process3 AT link1i.in:

process.i(from.process0,to.process2,from.process3)
PROCESSOR2 T8

PLACE from.process1 AT link0.in:
PLACE to.process.3 AT link2.out:
PLACE to.process4 AT link1.out:

process.2(from.process1,to.process3,to.process4)
PROCESSOR 3 T8

PLACE from.process2 AT link1.in:
PLACE to.process1i AT link0.out:

process.3(from.process2,to.process1)
PROCESSOR 4 T8

PLACE from.process2 AT link0.In:
PLACE to.plant AT link1.out:

process.4{from.process2,to.plant)

The filter has been split into two processes, measurement and time update processes. The
addition of this estimator and its associated calculations gave unacceptable computational

times with the configuration used in the previous two control designs. A benchmark of the
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Figure 5.11 - Process + data flow configuration
Full-state feedback + integrator + estimator.
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Figure 5.12 - Processor configuration
full-state feedback + integrator + estimator.

———————d

—k

e — — — — — — —

PROCESSOR 0 - (IMS 1222)

2661 YTAOLS ‘W

3unsa |, ruswadxy % voneyuswsjdury jonuo) g 1ndey)




Chapter 5: Control Implementation & Experimental Testing

M. STOKER 1992

"Jojewise + Jojeibeju) + yoeqpesy ejeys-jind

uopeanByuod auempiey Jeyndsuel] - ¢}°s aunbyy

o'y

14

cl

(¥

-107 -



M. STOKER 1992 Chapter 5: Control Implementation & Experimental Testing

20
1 87% 40
2 85% 80
3 65% 30
4 20% 20
Total Execution 160
Time us

Table 5.4 - Controller performance figures
Full-state feedback + integrator + estimator

Kalman filter on its own gave a figure of 70 ps. This, added to the 115 ps of the full state
feedback system, reduced the accuracy of the system beyond the specification. To
overcome this problem it was decided to take advantage of the parallel processing
capabilities of the transputer and run the Kalman filter on two individual processors. One
processor would calculate measurement updates (process. 1), the other would calculate the

filter time updates (process.3), see figure 5.12. The overall computational time was
reduced to 160 ps.

Table 5.4 shows a breakdown of process execution times and processor activity. The
processor percentage activity for the main control process (2) has been reduced from
100% to 85%. This is due in some part to the addition of the two additional processes
calculating the filter outputs. These calculations and the subsequent data transfer are
slightly in excess of the execution time for process.2. This means that it will be waiting
for input from the filter process for a percentage of its time i.e. the process will be inactive.
The measurement update process (1) will not output its estimated state values to process.2
until it has received both measurement information for process.0 and time update infor-

mation from process.3 and calculated the corresponding state value.

Figure 5.4 shows the response of the system to a step input of speed and tension command.
The response of the experimental plant matches the simulation almost exactly. The
reduced order model used in the simulation tests tended to be less robust than the actual
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Full-state feedback + integrator + estimator

Experimental Vs Simulation Results
1.4

— e w— ——— — — — v p— — o——— — —— g— — —— o—

+Tension - Simulation
©-Speed - Simulation

- Tension - Experimental
*Speed Experimental

Figure 5.14 - Unit step response for tension/speed
plant, typically to the response from external disturbances and sensor noise. The experi-
mental rig used to test the control algorithms showed better than expected results in terms
of damping out any unwanted tension fluctuations. The servo controller used also con-
tained unknown parameters such as signal conditioners and filter circuitry. A more
detailed examination of the servo controller could be undertaken to gain a better model
i.e. frequency response testing under differing motor load/speed conditions.
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Summary

The system design was based around a modular format of servo drives and TRAMS. This
use of modules allowed for quick development and testing of individual components of
the system and flexibility for testing different control strategies. For maximum flow of
input and output control and feedback data, memory mapped devices were used. The servo
drive system was used used in torque mode to provide the motors with a drive signal
proportional to torque output. This torque mode eliminated the effect of motor inductance
so increasing the system bandwidth. Film speed measurement was taken directly from the
surface of the film by measuring the direct speed of the capstan drives. Tension measure-
ment was proportional to the difference in the torque delivered to each motor and was

obtained directly from the servo amplifier control signal.

The control algorithms developed in chapter 4 were implemented on the transputer.
Full-state feedback, integral and estimator control were used on different transputer
configurations. Performance figures for each control strategy were obtained in terms of
execution time and system response. Mechanical imperfections in the system could be
compensated for, up to a point, by 'tweaking’ the control algorithm gains. This was most
evident in the implementation of the estimator. The experimental plant was found to be
more robust than the simulation. This was found to be due to good mechanical damping
of the system, reducing effects from tension fluctuations and characteristics of the

electronics, not used in the modelling process.
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Chapter 6

Conclusions

The capstan drive system developed in this research project has shown that the concept of
*spocketless’ film transport for printing is wholly feasible. Until now the lack of afford-

able high speed computing devices has been the limitation in implementing currently
available control methodologies.

The conclusions can be divided into three main areas. These main areas engender the

logical sequence of this research project.

6.1 Development of Capstan Drive System.

The work undertaken in this project has been developed from a study undertaken of the
industrially based method of the motion picture printing and copying process. The study
reviewed several areas of picture unsteadiness.

Multiple final show prints are produced from a single copy negative. The film transport
mechanism, sprockets, has the unavoidable effect of wear on the film perforations. The
wear caused by the sprocket based transport mechanism ultimately reduces the high
tolerance that the film perforations are manufactured to, (0.00254mm). As these discrete
perforations are the only reliable source of location for the registering of film, movement
of film will occur giving rise to unacceptable picture unsteadiness. The current drive
transmission of sprocket based printing machines consists typically of a single DC servo
motor connected to all the intermediate drive sprockets and main drive sprocket through
a series of gears and timing belts. This single drive motor is controlled by a single velocity
controller. There is no direct measurement of film speed or film tension.

Other factors that can exaggerate picture unsteadiness are: a build up of dirt on the
sprocket teeth or film transport rollers, mis-alignment of transport rollers and guide rollers
in the area of the printing head, and mechanical drive transmission problems.
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The study revealed a need to replace the sprocket based film transport mechanism with

one that could not only improve the printing speed of the film copying process, currently
2.5 - 3.0 m/s, but also eliminate the current problems of film unsteadiness.

The studies conducted during this research project of current film transport mechanisms
and analogous systems such as video and audio, have led to the development of a capstan
drive based film transport system. The capstan based transport system has followed the

new trend of mechatronics, that is replacing most or all of the mechanical gearing systems

and timing pulleys by software processes.

The new motion picture film transport system has a more direct control of film speed and
unlike conventional systems has a dynamic tension control mechanism to eliminate
external tension disturbances which have been shown to be the main cause of picture
unsteadiness. These new capabilities have been achieved through independent drive
motors connected together by software based control algorithms, direct film surface speed

measurements, estimated tension measurement eliminating the need for tensioning arms,

and fast processing of the control algorithms.

62 Simulation and Control System Design. -

The design of a suitable controller was formulated from the state-space description of the
capstan drive. This state-space description was formed by linearising the equations of
motion of the various components of the plant. This description was used to develop
controller strategies based on linear quadratic regulator and state-feedback methodolo-
gies. A full-state feedback controller was initially designed and tested on the plant model.
From the results it was shown that the tension output of the system was the main factor
contributing to the film transport unsteadiness. The addition of external tension distur-
bances gave a steady state error on the tension term of 10-15%. The control of the film
dynamics was significant in achieving the system specification. The reduction of this
steady state error for the tension output was achieved by adding an integrator term to this
control variable. The speed response of the system to a unit step disturbance was 3 ms
throughout the design of the controller, this was shown to be partly due to the mechanical
damping of the system and the excellent decoupling of the two drives by the regulator gain
matrix. To further reduce the effects of external disturbance and steady-state error an
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estimator was designed. This estimator was based on the Kalman filter and the resulting
gain matrices were based upon the steady-state operating conditions of the plant. The
estimator gave the system excellent rejection to tension disturbances and process noise.
Small discrepancies between experimental and simulated results were due to measure-

ment of the current. This was alleviated when the Kalman filter was incorporated.

The two motors that made up the capstan drive were configured for torque control which
essentially meant that the control effort was directly proportional to the current signal. The

system response results showed that the speed of the film is directly proportional to the

difference in current signal while the tension in the film is directly proportional to the sum
of the current signal.

6.3 Transputer Implementation.

The transputer can be thought of as a tool for the implementation of developed control
algorithms. It is a flexible device and allows quick and efficient prototyping of system.
The use of the transputer’s generic programming language, Occam, has been shown to
allow the development of small procedures of code describing directly each element of
the controller. A direct mapping from the control block diagram description of the
controller to a process and data flow description of the control algorithm is shown. This
process description can be coded as discrete processes connected together by links.
Initially these links are described in the abstract (software links) so the controller can be
tested on a single transputer. From the process and data flow description potential signal
flow bottlenecks were identified. From benchmark timing results computational elements
of the controller were identified. The main controller process consisting of the LQR gain
and the integrator took 80 s to execute keeping the processor busy 100% of the time.
Each input and output process was placed onto a separate processor and ran in under 20 yis.
These results allowed the controller to be mapped onto multiple processors to achieve the
required sample time of 150 yis. The Kalman filter was divided amongst two processors
with the main control algorithm again executing on a single processor. Buffer processes
were used to buffer each link from the main control process. The execution time of the
controller with estimator was 160 ps. Potential problems were identified as the current

limitation of the number of transputer links (4) and the limitation of hardware devices for
data input-output.
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Summary

The following have been achieved.
i) Capstan drive avoiding toothed drive avoiding perforation wear.
ii) Complete and adequate simulations of the capstan drive system.

iii) Design of modem controller using state feedback with integral and estimator terms.
iv) Implementation of these controllers on a transputer network.
v) Construction of prototype rig.

vi) Validation of simulation with good accuracy on test rig.
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Future Work

The work carried out in this project can be applied to many applications of mechatronics

both in the film industry and in other areas.

The capstan drive system developed in this project has been designed to transport a single
length of film. A full printing system would use two identical transport control systems,
one for the copy negative and one for the positive stock. Using the same procedures
undertaken in this study a single control system could be designed to combine both films,
At present the desired output for each strand of film are speed and tension. The aim is to
reduce film unsteadiness. This film unsteadiness could be measured by using a non-con-
tact sensor which utilises the film perforations as a direct measurement of film speed/po-
sition. The unsteadiness value could be considered as a measurable output state. The

system could utilise phase-lock loop techniques to ensure constant film speed and could

be considered as a ’software’ sprocket drive.

The film transport system is only one area of the printing machine. Other areas that could
benefit from work undertaken in this research are film winding system, light valve control
systems and fader control. Ultimately it is envisaged that a single multi-processor system

( or equivalent ) could control all the operations on the printing machine.

71 Winding Processes

Many industrial applications that deal with the manufacture and transport of warp material
rely on winding mechanisms to feed or take-up the material.

7.1.1 Film Winding

Continuous contact printing of 35mm motion picture film as covered in this project is
achieved by passing a picture negative film with raw film stock (positive) over a printing

aperture. The intermediate drive system maintains constant velocity of each piece of film
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as well as a constant running tension. Each piece of film has associated with it a take-up
and feed reel. These must feed and take-up from the intermediate drive system without
affecting its performance, this could result in movement between positive and negative
film so resulting in picture image unsteadiness. The complex motion profiles involved
with winding film which is a inherently non-linear system to control lends itself to the use
of robust controllers such as the ones developed in this project. Other control techniques

could also be applied such as gain scheduling (based on the film reel radius), and model

following techniques.

7.1.2 Filament Winding

The winding of filaments is used in many industrial situations. Two main areas are the
coil winding applications of electrical equipment including solenoids, motor windings and

transformer coils, and for use in filament winding during fabrication of fibre-reinforced

composites.

The winding of coils has been made far easier with the advent of CNC type machines.
These type of machines employ modem servo techniques that can accurately control
speed, tension and accelerations of the winding operation. Unlike film winding there is an
extra lateral axis. This dual motor winding arrangement requires sophisticated computer
software and hardware such as developed in this project. Filament winding has been used
for many years to produce high-performance, low-cost components such as rocket-motor

pressure vessels, launch tubes, and structural components; chemical tanks, aircraft com-
ponents, helicopter blades.

A typical application of these filament winding machines is to lay a resin impregnated
band of fibre glass or other reinforcing material on the surface of the mandrel in a precise
geometric pattern. The advent of microprocessor control has been used to produce
complex geometry of winding patterns used in some applications for added strength and
support. Microprocessor control has also made it possible to program simple geometries

such as constant helical winding and to sequence wind programs automatically.

7.1.3 Warp Winding

This area of winding resembles the winding of film but on a far greater scale. Typical areas
of warp winding are in the yarn and paper industry.
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In the area of warp winding, problems can arise in the weaving of the cloth and the
maintenance of the correct tension. As in all winding processes, as the yam leaves the reel
(beam), the effective radius of the beam slowly decreases. To maintain a uniform rate of

feed, the angular velocity of the beam must increase. To ensure a constant good weave the

tension of the yarn must be maintained at all times.

The paper industry has a very similar problem in maintaining correct tension. Both
processes overcome these problem by use of correctly designed tension arms although the
type of servo controller is usually very basic. More sophisticated controllers based on
those investigated in this project could be utilised to improve both the quality and quantity
of paper.

In the paper industry, specifically the production of newsprint, the transport of the paper
at the correct speed is very important. Capstan pinch rollers are usually ﬁsed to ensure that
the correct speed is maintained. In some systems the control system that monitors this
speed is also used to control the winding stations. This type of application lends itself to
the capability of a multi-processor-processor system or distributed system controlling

several parts of the same operation using generated control information from one control-

ler to control the operation of another.

7.2 Processing Power

The use of the transputer has been used for its inherent flexibility and usefulness in quick
system configuration from control algorithm description. Could this computing *tool’ be
replaced with other computing platforms ? The limitations of the current transputer ( 4
links ) could be solved in the near future with the pending launch of a new transputer
computing device (IMS T9000) that supports virtual links i.c. memory mapped. Imple-
mentation of the control algorithms on this faster and more flexible computing device
might further improve system performance until the only limitation on the speed and
accuracy of film printing is the physical constraints of the hardware.

The controller design covered in this work has considered one type of design methodol-
ogy. The prototype system is now available for further work in this area. Work has been

initiated using Doyle’s Robustness techniques and p controllers. Such controllers could
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utilise the improved processing power of newer devices such as the IMS T9000, Intel’s
i860 and the C40 processor developed by Texas instruments.

73 Non-symbolic based controllers.

Present controllers are based on known design methodologies that formulate strategies
based on the desired system response. Work on control algorithms that involve the
development of artificial intelligence based controllers such as those based on artificial
neural network systems is currently being investigated. The neural controller is a network
of weighted interconnections that has previously been ’trained’ in response to a set
responses. These responses or training sets could be derived from 'real’ experimental data
or from simulation data. The training sets would consist of known inputs to the system
and corresponding ’desired’ outputs. For example, a step input to the system should
produce a response to satisfy the system specification, if not the weighting’s of the
network interconnections are changed, according to some algorithm, until the error at the

output, actual output compared to desired output, is less than some pre-defined tolerance.

Once the network has been trained it can be used in place of the conventional controller.
One advantage of artificial neural networks over conventional systems is that they can

extract data from noisy or incomplete signals such as those from sensors.

The system designer has now all the tools necessary to develop more and more sophisti-
cated devices using the mechatronic design approach. Using modular design techniques
the flexibility of such systems is limited only by the ingenuity of the engineer. Modularity
has allowed integration of dedicated processors for specific purposes from computation

of complex control algorithms and motion profiles to the integration of processors with
sensors for added ’intelligence’.
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Appendix A

Film Printing Methods

A.l General Uses of Type C Printers

Type C printers (Model *C") are flexible machines which can be used for a ﬁdc variety
of tasks. Unlike the panel printers they can only copy in one direction and therefore they
are not particually suited to bulk production copying. However with their fader capabili-
ties they can be used to produce sophisticated effects in negatives which can then be used
for bulk copying on panel printers which do not have faders.

A2 A and B Printing

Figure A.1 shows the principles of A & B printing. In this method two originals are used,
each contain alternative scenes separated by blank film. In the example of figure A.1 the

A negative contains scenes 1 and 3, the B negative contains scenes 2 and 4.

On the first print run the contents of A are transferred to the copy stock. In the example

shown 2 dissolves are produced at the end of scenes 1 and 3. A sharp cut scene change is
produced at the beginning of scene 3.

On the second print run the contents of negative B are superimposed on the copy stock
which now contains the scenes from A. This time scenes 2 and 4 are ’faded in’ to match

the *faded out’ scenes 1 and 3. The sharp cut-off scene change at the end of scene 2 is
synchronised to the start of scene 3.

These features call for an accurate control of faders and light valves to particular frame
lines.

A3 WetPrinting

Some type C printers are adapted to copy from badly scratched originals. This is achieved
by wet printing. For slightly damaged originals a spray head is used to wet the back of the
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‘A’ Negative

Dissolve Scene Change Dissolve

Figure A.1 - A,B Printing

film. The liquid used has the same optical refractive index as the film which has the effect

of making the scratches optically invisible.

For greater damage total immersion is used in which the film is copied under the surface
of a bath of liquid. In both spray and total immersion printing the film has to be dried

before it is rewound.



Appendix B

Determination of Film Properties

In order to understand and study the dynamics of motion picture film in those processes
involving high-speed transport such as in bulk contact printing, it is necessary to obtain
values for the stiffness (k) and damping coefficients (c) of the film. To maintain a constant
speed, feedback data such as tension, velocity and position of the film are used in a control

system, To design such a system it is essential to have the correct information on the

dynamic properties of film transport.

Measurement of these properties using the following procedure was carmried out on various
lengths of 35mm motion picture film. The lengths of film were used in a single degree of

freedom mass(m)-spring-damper system with the film acting as the spring damper ele-
ment.

The equation of motion of the mass is found by using Newtons Second Law,

m X(t) + ¢ x(t) + k x(f) = A1) B.1)
Where
f(t) = applied force
x(t) = resultant displacement
x(t) = resultant velocity
X(t) = resultant acceleration

The film sample to be tested was fixed in a clamp at the upper end whilst the other end
was used to support a known free hanging mass.

Two accelerometers were used, one as a counter balance weight. A force transducer was
attached to the mass in such a way as to allow force inputs to the centre line of the film to
be measured. The system was forced by random signals originating in the dual channel
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signal analyser and amplified before driving an electromagnetic shaker which was con-
nected via a push rod, effectively a mechanical fuse, to the force transducer connected to

the mass supported by the film. The ratio of the %‘?ﬂ (inertance) resulting from duel

spectrum averaging measurements was displayed as Bode and Nyquist plots. Response

data was captured by the analyser and subsequently recorded on a pen plotter.

The transducers were calibrated against a known mass in a preliminary exercise to obtain
a Inertance Scale Factor. A wide band scan showed that the frequency range 15 to 40 Hz.

was of most interest since it contained the system resonance and detailed testing was

restricted to this range.

Once a resonant peak had been obtained a suitable input signal to the shaker could be
calculated so as not to allow the film to lose tension during testing.

The amplitude of resonance was found by measuring the accelerometer response to a
sinusoidal signal at the resonant frequency of the system. The calibrated accelerometer
signal was integrated twice to obtain a value for maximum displacement. This then

allowed tests to be carried out at different amplitudes so as to explore any amplitude
non-linearities.

From the magnitude response of frequency a measurement of the 3 dB bandwidth about
the resonant peak was made, see figure A.2. The value of the resonant frequency could
then be used to determine the stiffness of the system and the 3 dB bandwidth used to obtain

the damping of the system. Using the signal analyser it was found that the results were
subject to a tolerance of +/- 5%.

B.1 Results

From the table of results, table A.l, it can be seen that there are distinct differences
between tri-acetate film and polyester based films with 1so a marked difference within
these categories of the make of film used. it should however be noticed that the percentage

difference in the stiffness properties of each type of film vary by 12% while the damping
properties for each type of film base vary by 63%.
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Appendix B: Determination of Film Properties

Film Type/Make Kodak 5384 | Fuji 8816 | Kodak 5243 Agfa
. . §¢ ' sbr .
Young's Modulus - N/mm? 3500 3880 4010 4000
Damping Ratio 0.025 0.024 0.0083 0.0087
Stiffness Coefficient - N/m 18400 20300 21100 21000
Damping Coefficient - N/(m/s) 14.0 138 4.9 51

Table B.1 - Properties of 35mm motion picture film

This variation in film property must therefore be taken into account when designing a
suitable film transport control system. The transient response of polyester film to a step
input (e.g. speed) will be different to that of tri-acetate film in the sense that the time for

the polyester film to reach steady-state will be longer than that for acetate.

Because different types (and makes) of film are used in the film industry a accurate
transport control system will have to be robust, i.e. for a change in plant gain due

parameter change (film properties) the system will still have a zero steady state gain to a
constant input.
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Hitachi 8-bit Microcomputer

HD63140

UPP (Universal Pulse Processor)
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SECTION 1. GENERAL DESCRIPTION

The UPP can process up to 24 pulse signals (8 of which do not have 1/0
pins) simultaneously, measure the cycle time of an input pulse signal, and
_ount the edge number of input pulse signals. It can also output pulse
signals whose cycle time and duty cycle are programmable.

1.1 Features
ottt

The UPP provides the following functions:
o 15 commands for pulse I/O functions
o 24 x 16-bit programmable registers

o 24 programmable I/O ports (8 of which do not have I/0 pins)

o Pulse width resolution of 0.5 Us to 5 us at maximum speed operation
(depending on the number of specified functions)

o Programmable detection of falling edge, rising edge, or falling and rising
edges of input signal

o Interrupt request output through I/O ports

In order to provide 1/0 processor flexibility, the UPP includes 1/0
microprogrammable RAM where I/O functions can be written in the form of a
function ‘table. This table specifies counter/timer functions, by a format
description which corresponds to the specification of a counter/timer function.
The resolution of a counter/timer function can be enhanced by describing the
corresponding format repeatedly in the function table.

The UPP can 'combine' counter/timer functions in the function table by
using flexible registers and 1I/0 pin assignment. This 'combination' means
that registers in the register file functioning as counter, compare, or capture
registers along with I/0 pins can be shared by multiple counter/timer functions.

Fig. 1-1. shows the UPC block diagram.

HITACHI
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Fig. 1-1. UPC Block Diagram

1.2 Register Names and Descriptions
Table 1-1 lists the names and descriptions of UPP registers.

Table 1-1. UPP Register Mames and Descriptions

Abbreviation Neme Description
USCR UPP System Control Register Controls activation and halt
of the UPP
MEFNR Maximum Function Number Specifies the number of functions
Register executed by the UPP and the
resolution
FER Function Number Register Specifies the function aumber
CMR C d Register Specifies the d code
RASRA Register Assignment Register Specifies the number of the data
A register functioning as a counter,
timer or shifter
RASRS Register Assignment Register Specifies the number of the data
B register functioning as a compare

or capture register or buffer

IOARA 1/0 Assignment Register A Specifies the pin number for
external clock signal input, or
shift clock signal input
IOARB 1/0 Assignment Register B Specifies the pin number for
sampling signal input, trigger
signal input, set signal input, or
reset signal input
T0ARC 1/0 Assigrnment Register C Specifies the pin number for pulse
siz\ll output
IOARD 1/0 Assignment Register D Specifies the input pin number for
direction signal, gate signal, or
two-phase pulse signal
IER3 Interrupt Enable Register 3 Enables or disables interrupt
requests for ports U23 to Ulé
1ER2 Interrupt Enable Register 2 Enables or disables interrupt
requests for ports UlS to U8
IERL Interrupt Enable Register 1 Enables or disables interrupt
. requests for ports U7 to UO
ISCR3 Interrupt Status Clear Clears the interrupt request flags
Register 3 for ports U23 to Ul6

1SCR2 Interrupt Status Clear Clears the interrupt request flags
Register 2 for ports Ul5 to U8

ISCR1 Interrupt Status Clear Clears the interrupt request flags
Register 1 for ports U7 to U0

UIOR UPP I/0 Register 1/0 data register for U23 to Ulé

UDRO to UPP Data Registers O to 23 Can function as counter, timer,

UDR23 shifter capture register, or
compare register

UOR2 UPP_Output Register 2 OQutput register for Ul5 to U8

UORL UPP Output Register 1 Output register for U7 to UO

UCER2 UPP Contact Enable Register Configures port 2 as CPU port or

2 UPP port
UCER1 UPP Contact Enable Register Configures port 1 as CPU port or
3 UPP port

HITACHI
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1.3 Command Names and Descriptions

Table 1-2 lists names and descriptions of the UPP commands.

Table 1-2.

Abbrevi~
ation

Command Names and Descriptions

Name

Description

FRS

Free Running Counter/Timer With
Sampling

Counting of pulse signal

INS

Interval Counter/Timer With
Sampling

Measurement of pulse signal
cycle

ubs

Up-Down Counter/Timer With
Sampling

Counting of direction
definition signal

GTS

Gated Counter/Timer With
Sampling

Measurement of gate signal
width

FRC

Free Running Counter/Timer
with Compare

Output of pulse signal

INC

Interval Counter/Timer with
Compare

Qutput of pulse cycle

PHC

Pulse Width Counter/Timer Witn
Compare

Output of pulse width

osC

One Short Counter/Timer With
Compare

OQutput of one short pulse

FFC

Fifty=Fifty GLuty Counter/
Timer With Compare

Output of pulse with a 50% duty
cycle

Two=-Phase Up-Down Counter

Counting of two~phase pulse
signal

Gated Counter/Timer With Compare

Definition of gate signal
width

Combination Trigger One Shot
Counter/Timer

Qutput of one-shot pulse
with trigger enable

SIT

shift Input

Input of shift

shift Output

Output of shift

SPO

shift Parallel Output

Output of 8-~bit parallel data

4 HITACH!
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Appendix E: Program Listings

Program Name: caplin.cs!
Application: ACSL
Description:

Capstan drive model for
linearisation into state-space
matrices
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~

PROGRAM CAPSTAN DRIVE

*SIMULATION OF CAPSTAN FILM DRIVE WITH BRUSHLESS MOTORS S-1002°
*USING CURRENT FEEDBACK FROM BRU100 SERVO DRIVE UNITS*

Moda! used o obiin linearised siate space model”

INITIAL
*"RCAP - Capstan Radius . KT - Motor Voitage Constant”
*TF -Mobr Fricion Torque , DAMP - Mobr Viscous Damping”®
*KB -Back EMFconstant , L -Motor inductance®
"R -Motor Resistance , J- Mobr Rotor inertia®
*JCAP - Capsian Inertia , DCAP - Capstan Damping Constant’
"Fric - Capstan Friction®
CONSTANT RCAP=0.0125 , KT=0.075 , TF=0.00585
CONSTANT DAMP=1.34846E-05 , KB=0.07544
CONSTANT L=0.0017 , R=2.5 , J=2.61E-06 , JCAP=2.0E-05
CONSTANT IA1IC=0.0, IA2IC=0.0 , TAF=0.0
CONSTANT PI=3.1415926
CONSTANT C=33.0, K=666866.68 $"FREE FILM LENGTH =0.3M"
CONSTANT Fric =0.0001 CONSTANT 1A12=0.0,1A22=0.0
*Start-up Initial Conditions*
THD1ic=0.0 THD2ic=0.0 iAtic =0.0 |A2ic =0.0

END $°of initial”®

DYNAMIC
CINTERVAL CINT =0.0001
NSTEPS=1
MAXTERVAL MAXT=0.00001
CONSTANT TSTP =0.0

DERIVATIVE

"CAPSTAN DRIVE EQUATIONS OF MOTION"

THDD1=(KT*1A1-RCAP*TXEN-DAMP* THD1-Fric*THD1 }/(J+ JCAP)
THDD2=(KT*1A2-RCAP*TXEN-DAMP* THD2-Fric* THD2)/(J+JCAP)
THD1 =INTEG(THDD1, THD1k)

THD2=INTEG(THDD2, THDZ)

X1D=THD1°RCAP

X2D=THD2°RCAP

*OUTPUTS TO BE CONTROLLED"
*FILM TENSION DISTURBANCES"
TXDOT= K*RCAP*(THD2+THD1)+ C*RCAP*(THDD2+THDD1)

TXEN =INTEG(TXDOT.0.0)
"SPEED OVER APERTURE"®

Speed = (X20 - X1Dy2.0
sswessesesses CONTROLLER SECTION

-

o Xi e
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*CONTROLLER SECTION CONSISTS OF BRU-100 AMP DRIVING®
*A S100-2 BRUSHLESS DC MOTOR"®

Appendix E: Program Listings

"MOTOR 1°*
CONSTANT Ez1=0.0,Ref{ =00
CONSTANT GAINam = 3.0 $°Gain of BRU100 current amplifar”
CONSTANT T 1 = 0.0005
01 = nkg((Viin{a1)y(Ma1),0.0)
Viin = Reft + E21
"MOTOR 2°
CONSTANT Ez2=0.0,Re12=0.0
CONSTANT Tia2 = 0.0005

82 = ineg((V2in-(82))/(T1a2).0.0)
V2in = Ref2 + E22

END $° of Derivaive"

END $° of Dynamic®

TERMINAL
TERMT(T.GE.TSTP)

END $° of Teminat*

END $° of Progmm®

o Xii -
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Program Name: capest.cs!

Application: ACSL

Description: Capstan drive model with full-state
feedback + integrator + estimator
digital controller.

= Xiii =
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r

PROGRAM CAPSTAN WITH ESTIMATOR

*SIMULATION OF CAPSTAN FILM DRIVE WITH BRUSHLESS MOTOR S-1002"

INITIAL
* Define Matrix Manipulation Macros *

. —jMatix Multiply. Caling sequence is: *

. MMUL(C =A, B) .
This defines a new matrix C of dimension coA) by row(B) and *
* performs the ma¥ix muliipiication *

—matrix add. Up 10 4 matrices can be *
added into an output matrix which is creaisd automatically. *
Calling sequence: -
* MADD(Y=A,B,..,D.E) .
where the input matrices must have exacly the same dimen- *

sions (both rows and columns) and this wil be the sias of *
* e ouputmatrix Y. .

Matix Nega®s. Thaoutput matrix is  *
created and the input matix is moved into it, changing he  *
* sign ofeach elamenton e way *

MACRO MACRO MNEGAT(p, g, 1)

* Define Constants®

REAL IntEm{1,1)

CONSTANT RCAP=0.0125 , KT=0.075 , TF=0.00665
CONSTANT DAMP=1.34646E-05 , KB=0.07544
CONSTANT L=0.0017 , R=2.5 , J=2.861E-08 , JCAP=20E-05
CONSTANT IA11C=00 , 1A2IC=0.0 , TAF=0.0

CONSTANT TSTP=00, Pi=3.1415926

CONSTANT TFRUN=0.00565

CONSTANT C=33.0, K=86666.66 $"FREE FILM LENGTH = 0.3M"
CONSTANT iA12=0.0,1A22=0.0

CONSTANT DLTC=0.0

CONSTANT Fric=0.0001 $°Capstan Fricton®

“Start-up Inttial Condions”

CONSTANT X1DIC=0.0 X2D1C=0.0, TENIC=0 0
CONSTANT THD1IC=0.0 THD2IC=0.0

N

-Xlv -
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CO%TANT U1(1,1)=0.0,U1(2,1)=0.0

CONSTANT U2(1,1)=0.0,U2(2,1)=0.0
CONSTANT U(1,1)=0.0,U(2,1)=0.0
CONSTANT UL(1,1)=0.0,UL(2,1)=0.0
CONSTANT UT1=0.0,UT2=0.0
CONSTANT IntEm(1,1)=0.0

“Nolse Pesramelers®
CONSTANT noise1=0.0 n0ise2=0.0
CONSTANT noise3=0.0,n0ise420.0

“Swithes"
CONSTANT swi=0.0,0w2=0.0

“Initialise ffer stales”

DO L9908 irow=1.5
DOL9G8 jool = 1,5
Xhatt (wow,jool) = 0.0
1L998..CONTINUE

sighse = 1.0 / SQRT(MAXT)
CINTERVAL CINT = 0.0001
NSTEPS=1

MAXTERVAL MAXT=0.00001

END $°of initial®

DYNAMIC
DERIVATIVE

*CAPSTAN DRIVE EQUATIONS OF MOTION"

THDD1=(KT"IA1 +RCAP*(TDis1)-DAMP* THD1-Fric* THD1 )/(J+ JCAP)
THDD2=(KT"1A2+RCAP*(TDis2)-DAMP* THD2-Fric* THD2)/(J+ JCAP)

THD1=INTEG(THDD1,THD1IC) + sw1*N1sin
THD2=INTEG(THDD2,THD2IC) sw2*N2sin

X1D=THO1°RCAP
X20=THD2°RCAP

*OUTPUTS TO BE CONTROLLED"
FiLM TENSION DISTURBANCES"

N1=noise1°GAUSS(0.0,sigNee) $"Noise - fim beiween capsians®
N2=n0iss 2°GAUSS(0.0,8igNes) $"Noies - Extemar

\
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(

TXDOT=K*RCAP*(THD2+THD1)+C*RCAP*(THDD2+THDD1)

*Limit Tension ie. Tension can never be negatve®
CONSTANT Tmin=0.0, Tmax=100.0,ExtDis=0.0
TXEN=INTEG(TXDOT,TENIC)

Ten = BOUND(Tmin, Tmax, TXEN)

TDis1 = (ExtDis-Ton) + N1
TDis2 = (ExtDis-Ten) + N2

"SPEED OVER APERTURE"
SPEED=(X2D - X1Dy2

~sesecssesses CONTROLLER SECTION
*CONTROLLER SECTION CONSISTS OF BRU-100 AMP DRIVING®
*A $100-2 BRUSHLESS DC MOTOR"

Proosss Nobse®

N1 =noleeI*GAUSS(0.0,sigNee)
N2 = noise4*GAUSS(0.0,8igNes)

WOTOR 1°

CONSTANT GAiNam = 3.0 $°Gsin of aurent feedback amplifier”
CONSTANT Tis1 =0.0005

21 = hag((Vin{a1))Te1)0.0)
Viln=UTi + N1

WMOTOR 2°
CONSTANT T2 =0.0005

82 = Ineg((V2in(82))(T1a2),0.0)
V2in = UT2 + N1

END $° of DerWatve®
TERMT(T.GE.TSTP)

DISCRETE ADC
INTERVAL TSBAMP=0.00015
PROCEDURAL
“STATE FEEDBACK"
CONSTANT TenG=10
CONSTANT ReX1,1)= 1.0
CONSTANT Re¥2.1)= 1.0
“Reforence Stabes®

REAL Nx(3,2)\Re%2,1)

\.

~
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a MMUL(XR=Nx,Resf)
“Estimatbor - KALMAN FILTER"
“Time Updais®
REAL PHI(S.5),GAMMA(S.2),UL(2,1),Xhat1 (5,5)
MMUL (F=PHI Xhatt)
MMUL(G=GAMMA, UL)
MADD((bart =F,G)
‘Measumment Update*
“Predicion emor”
REAL Y(2,1),Lksim(5 2),H(2,5)
Y(1.) = Ten
Y(2.1) = Speed
MMUL (Yber=H Xbar1)
MNEGAT(NYbar=Ybar)
MADO(ERRy=Y NYbar)
MMUL (Ky =L keim ERRy)
MADD(Xhet=XDber1 Ky)

Appendix E: Program Listings

Xrat1 = Xhat*
DOLSSiIPW=15
DOLEe% jooi = 1.5
Xhat! (row jool) = Xha (row jool)
L998..CONTINUE

“Ervor for feecback®
REAL Ens,1)
EM(1,9) = Xr(1,1) - a9
En(2,1) = Xr(2,1) - 182
Em(3.1) = Xn(3,1) - 1
Em4,1) = Xr(4,1) - a2
En(5.1) = Xr(5.1) - (a1 + 82)

*‘Emor* K
REAL KDLQR(2.5)
MMUL(U1=KDLQOR, Erv)

* integral ansion emor*

TenErr = Re¥(1,1) - Ten
IMEM(1,1) = IMEM(1,1) + TonErr * TSAMP

* integeal Emvor * Integral Gain®
REAL Ki(2.1)

MMUL (U2=K], IntErr)

* Combinad conbrol eflort”
MADO(U=U1,U2)

* Make present contsol efiort isst”
ULr.1) = (1,1)
W@.1) = W2,1)

END $°OF PROCEDURAL®

SCHEDULE DAC AT. T+ DLTC
END $°OF ADC SECTION"

\
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UT1 = BOUND(-10.0,10.0,U1(1,1)+U2(1,1))
UT2 = BOUND(-10.0,10.0,U1(2,1)+U2(2.1))

END $°OF DAC SECTION"
END $° of Dynamic*

END $° of Program *

Appendix E: Program Listings
(DiSCRETE OAC 1
“Ouiput control effort”

- xviii -
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Program Name: caplin.ctr

Application: CTRLC (ACSL Interface)

Description: Linearisation of ACSL model
caplin.csl. State-space matricies
formed and saved.

- XiX -
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G Linearisation of CAPLIN.CSL ACSL Model )
Disp('Linearisation of ACSL Model")
analclear /i clear the ANALYZ stale of ACSL

C2alist(clear’) il clear the list of variables

contri(ez1 822°)  // define ACSL inputs
observ(txen speed’)// define ACSL outputs

[tl=start; I run ACSL simulalion with zero §me © nilal e
Disp(’Linear Model Description”)
[a,b.c.dl=Jacobian // Linear Model Descripton

Disp('Save state-space matrices 1 file’)
save capstan.mat
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Program Name:

capest.ctr

Application:

CTRLC

Description:

Full-state feedback + integrator +
estimator based on linearised
model of capstan drive.

- XXi -
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{/ MIMO Capstan drive confrol design
/| Reference controlier - Fulkelats feedback with integrator and estimm®r

Appendix E: Program Listings

// Define exiemal procedures
deffrefi // Reference input

deff zohplot // Zero-order hold plot
deff dstep // Step input

deff magdb // Corwersion © &

joad capstan.mat // Load linearised state-space matricies
I/l Add intagral state term - augmented model
C=f0 0 0 0 0 1
0 0 0 -0063.0063 0
1000 0 0
{/ Actual ouiput for estimator
CE={11 0 0 O
00 1 1 0]

{1/ Add tension integral state
Ci=[0000 1];
D=zrow(2,5),
// Sample time
Ts = 00015,
// Continuous 0 discrete
[phi,gam}=c2d(A.B,Ts);
il Augmented model
phia=[1 Cl;zrow(5,1) phi);
gama={0 0;gam};
I/ LQR weightings
Q2=(10

01}
Q1BAR={1 0 0

0100 ©
00 1}

Q1=C"Q1BAR’C;
// Feedback gains LQR
KA=diqr(phia gama,Q1,Q2);
KA=raak(KA),
1/ Measurment and process noise matricies
Rv={0.01 0;0 0.0001);
Rw={0.0001 0,0 0.0001};
1/ Estimaior Gains
L=diqe(phi,gam,CE,Rw,Rv),
L=reakL);
1l Closed-o0p with estimabor
LC=L"CE;
phie=phi-L.C;
1 Ful-stals feedback gains

N

- xxil -
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[K-KA(:.M):

I/ Intagral feedback gains

Ki=KA(:,1);

{/ Reference input matrix
[NX,NU,NBAR}=REFi(phi,gam,CE K);

{/ Closed-loop full system

BK=gam*K;

phic={1 Cl Zow(1,5),-gam"KI phi -BK;-gam"Ki LC phi-BK-LC};
Cd={zrow(2,1) CE zow(2,5)};

Bei={-1 0 0 0 0;BK*NX zrow(5,2) gam(;,1);BK*NX L Zrow(s5,1));
1 Control ®rms

Du=[K"Nx zrow(2,3));

Cu={-K| zZ0W(2,5) K};

1 Unit step input

/I Time seriss

n=50;

t=0:Te:(n-1)*Ts;

disp(reference 1)

disp(’  step)

orase

by1x1 ret1}=dstep(phic,Bd,Cdi,D,1,n);
u1 = dsiep(phic,Bd,Cu,Du,1,n);

b1 yb1 =zohpbi(tut);

ploting..

disp(Reference 2)

disp( slep)

ly2x2 sefl=dstep(phic 8c,Cd,D,2,n);
w2=dsiep(phic,Bdl,Cu,Du,2,n);

b2 yb2)=zohpioi(tu2);

/1 Computation of Transfer Function Matrix
¥ of Ciosed loop System.

/! Corwert back © continous form

ladl,bdl] = d2o(phic,Bd!,ts);

disp('Closed Loop Bode Piot)

W = bgepace(2,5), / Set up equency vector
// Bode pts
imag1.phast)=bods(adi,bel,ccl,d,1 w);

Imag2 phas2j=bods (adl,bel,ccld,2 w);
imag1] = dbmag(ccl,meg1);

Imag2) = dbmag(cci,mag2);

plotiing....
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e

Application: CTRLC - ACSL (Interface)

Description: Full-state feedback + i
estimator controller tested on ACSL
model description of capstan dnve.
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M.STOKER 1992

AppendixE:nganhtinp

r

Il {}=capestacsi(phl,gamma, H,kdiqr ki,lkaim nx, tstp)

/I ACSL interface procedure

/i Test linear modsl controller on non-inear plant with
I/l Kaiman Fiter including added noise/disturbances.

c2alist('phi,gamma,H,kdqr ki, kaim nx,tstp”) // pess 1o ACSL model

[tten.speed ja1ia2,ut1ut2] = start; // run ACSL model (no noise)
plotting....

1l tension distrubances

noise1 = 0.001; // Batwean capatan drive
noise2 = 0.001; // Exemal disturbances
ExtDis = 1.0; // Extemnal ension (constant)

c2alisi(noise 1,noise2,ExtDis") // pass to ACSL model

(Lien.speed ja1,ia2,ut1,ut2] = start; / run ACSL model (Tension Disturbance)
ploting.....

1/ Process noise (contol input)

roise1 = 0.0; // Between capsian drive

noise2 = 0.0; // Extemal disturbances

ExtDis = 0.0; / Exiemal ®ension (constant)

noise3 = 0.01; // motor drive 1

noise4 = 0.01; // motor drive 2

aalm('nohﬂ,nohez.mhaamhu.&ﬂs') il pass b ACSL model

(t.tenspeed ja1,ia2,utt,u2] = start: // run ACSL mods| (process noise)
ploting.... '
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