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Summary

The print quality of a toner copier depends on the positioning accuracy of the toner relative to the
paper. An important part in this positioning process is the timing of the toner particles deposit.
This is determined by a balance between magnetic and electric forees, which is inflnenced by the
distance between the sleeve of the [)ff)-f.rai_fu and the DIP-drum. Making this distance .'sl[jil:-\t.'ii:f(-.
ouline control to respond to present disturbances will improve the print quality

A test frame is present in which the distance between the DIP-knife and the DIP-drwm can
be adjusted by means of elastic hinges. Two independently controllable voicecoil actuators, which
are mounted to the hinges, control this distance. The actuators are controlled by a DSP using a
PC as interface and for data storage.

First, the various parts of the test frame are calibrated and if necessary linearized: the position
sensors, the voicecoil actuators, the elastic hinges, the control of the actuators by the DSP and the
total svstem. Next the input signals are identified, so a list of controller demands can be made.

With these data. a whitebox as well as a blackbox model is designed which gives a good
overview of the characteristics of the system. By using these models, the system is decoupled,
which simplifies the design of a controller fulfilling the stated demands. A simulation model is
made using the whitebox model, so controllers can be tested and evaluated and the closed-loop
system is simulated before the controllers are implemented in the actual syvstem.

l:ﬁill_‘.'l Iriiﬂfl.‘-hrl.ﬂﬂh‘.'"l‘l'llllii]lll‘.‘" a controller is lll‘b‘i_’.il'll%i. |_IIIII"IIH', the l||'.~i:.',!| process of the con-

trollers, an important part of the time is spent on the implementation of the continuons controllers
designed with Matlab, Unfortunately the final controllers do not fulfill the stated demands. but
recommendations to improve some parts of the system are stated.




Samenvatting

De printkwaliteit van een toner copier is afhankelijk van de nauwkeurigheid waarmee toner op
het papier wordt gepositioneerd. Een belangrijk onderdeel in deze positionering is het moment
waarop wordt bepaald welke !-II]l'!'d['t'lljl'ﬁ wel en welke niet worden geprint. Dit wordt bepaald
door cen 'rll'.n'llh':b-[ll'l tussen magnetische en elektrische krachten, welke beinvioed wordt door de
afstand tussen de huls (slecve) van het DIP-mes en de DIP-drum. Door deze afstand instelbaar te
maken. kan online op verstoringen worden gereageerd en de printkwaliteit worden gegarandeerd.

Er is een proefopstelling voorhanden waarbij de afstand van het DIP-mes tot de DIP-drum
middels elastische scharnieren in te stellen is. De aansturing wordt door twee onafliankelijk aan te
sturen duikspoel actuators welke met de elastische scharnieren zijn verbonden, verzorgd. Een DSP
regelt de aansturing van de actuators waarbij de PC als interface en voor data opslag fungeert.

Allereerst zijn de verschillende onderdelen van de opstelling geealibreerd en zo nodig en in-
dien mogelijk gelineariseerd. Het gaat hierbij om de positie sensoren, de actuators. de elastis-
che scharnieren, de aansturing door de DSP en het systeem als gelhieel. Vervolgens zijn ook de
stoorsignalen geidentificeerd aan de hand waarvan ecen eisenpakket voor de te ontwerpen controller
is opgesteld,

Met deze gegevens is zowel een whitebox model als een blackbox model ontworpen waarmee
een goed beeld van de systeem karakteristicken is verkregen., Aan de hand van deze modellen is een
ontkoppeling voor hiet systeem berekend welke het ontwerpen van een regelaar die voldoet aan de
gestelde eisen vereenvoudigd. Aan de hand van het whitebox model is een simulatiemodel gemaalkt
waarmee de ontworpen controllers kunnen worden getest en het systeem kan worden gesimuleerd
alvorens deze in de proefopstelling te implementeren.

Gebruik makend van loopshaping-technieken is een controller ontworpen. Bij het ontwerp van
de controller heeft cen belangrijk gedeelte van de aandacht gelegen op de goede implementatie van
de continne controllers die in Matlab zijn ontworpen in de C-code van de DSP. De uniteindelijke
controllers voldoen niet aan de vooraf gestelde cisen, maar annbevelingen om ecen aantal zaken te
verbeteren en verder nit te zoeken, zijn gedaan.

il
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Preface

Fhis assignment was executed at Océ-Technologies B.V. in Venlo within the framework of an
apprenticeship at the department of mechanical engineering of the University of Technology in
Eindhoven. The assignment resulted from the GRT-group (Group Research Teams) of Océ that
examines optimization of the print quality of the DIP-technology and therefore was performed in
this group as well,

I'he original assignment consisted of two main parts; the identification of a svstem and the
design of a model and a controller to solve a MIM( -positioning problemi: A thin sleeve rotates
arotnd a magnetic core opposite to a rotating drum. These two evlinders have to be positioned
]Iitl;|||l'| to each other with the hl‘l]l of two iIn]t'lll':\lll'm cont rollable actuators ]lf:u'c't] on cither
side of the eylinders. The resulting work was divided into three main parts: calibration, svstem
identification and controller design.

In the first chapter the problem is explained and defined and the svstem is deseribed. The
calibration and linearization of this system is discussed in chapter 2, which is followed by the
identification and modelling in chapter 3. In chapter 4 subsequently the design of a controller for
the problem is discussed after which a conelusion and recommendations for further optimization
are stated.

Besides the stated assignment, the goal was to become more familiar with workine at Océ. A
pleasant cooperation with the other members of the group and the daily working in this group were
instructively and nice. Furthermore visits to various projects at the RED-department and some
other Océ departments like the toner plant and assembly departments gave a good impression of
the company and its dimension.

vii




Chapter 1

Introduction

1.1 Direct Imaging Process

For color printing. Oeé developed a technique ecalled ‘Direct Imaging Process’ (DIP). Several
so-called Image Developing Units (Duteh: beeldvormende unit (BVU)) print monochrome color
images on an intermediate-drum. This intermediate-drinm transfers the image by high temperature
and pressure onto the paper (see Figure 1.1). Each BVU consists of a Direct Imaging Process drum
(DIP-drum), a feeder drum and a DIP-knife. The feeder drum [!l‘\'('[ll}l:‘\' a mono-laver of toner on
the rotating DIP-drum which is removed again by the DIP-knife. If an image is printed. tracks in
the DIP-drum ean electrically charge or decharge independently, changing the magnetic/elect ronie
foree balance to keep the toner on the drum or to let it be removed by the DIP-knife. This way
an image is developed on the DIP-drum (see Figure 1.2). Finally the monochrome color images
are collected on the intermediate-drim, which transfers them onto the paper.

Figure 1.1: The DIP-setup with 7 DIP-units. each developing a monochrome color image onto the inter-
mediate before it is transferred to the paper.

1.2  Print quality

The DIP-knife consists of a strong magnet that is fixated into a rotating sleeve. This sleeve
rotates in opposite direction compared to the DIP-drum and removes the superfluous toner. The
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distance, d. between the DIP-knife and the DIP-drinn influences the balance between the electric
and magnetic forees affecting the toner. Disturbanees and mechanieal errors such as non-roundness
of the drums can make the distanee, d, fuctuate. Simulations and tests show that disturbances
preater than 1pm have a visible effect on the print quality, Therefore, a way to control this
distance is proposed by radially moving the DIP-knife, An extra advantage is that disturbances
of the print quality eaused by other disturbances than the distorted or fluctuating distance d like
Huectuations in the quality of the toner, can be compensated as well. To make radial movement
of the DIP-knife possible. it is mounted onto the drum with two elastic hinges. These hinges
allow independent radial movement of both sides of the knife, which therefore gains two degrees of
freedom: a rotation and the before mentioned radial movement. Two actuators which are placed
onto the hinges between the knife and the drom. control these movements. If the movement on
hoth sides is controlled well, the print quality over the whole width of the drum can be adjusted
online.

Shog =heetrode l/

Dresesgrsche Se0, ODIag

Tunes 1 sale =

Figure 1.2: The DIP-knife (left evlinder). the feeder deam (right eyvlinder) and part of the DTP-drom onto
which the monoclhivome nnage 1s pr imited.

1.3 Problem definition

A controller is needed to control both the left and right actuator position. This controller has to
meet some demands on aceuracy, speed and noise rejection. The acenracy has to be 1pun since
larger disturbances have a visible effect on the print quality. The distance should be controllable
at 3 Hz, beeause the rotational frequency of the sleeve can go up to 3 Hz and the controller should
be able to correct for non-centricity of the drim or sleeve. The controller has to be stiff enough to
reject disturbances like vibrations and surrounding noise. A first estimate for the values of these
disturbances is 1 N up to 100 Hz. The disturbance signals will be discussed in seetion 3.2, the
resulting demands to the controller are listed in section 4.1.2.

For better understanding of the system and for the design of a controller, s model of the svstem
is useful. Therefore, the svstem is first identified after which a model is designed and tuned for
further use in the design of the controller. Besides, a simmlation model of the system, which can be
nsed to simulate varions controllers and confignrations before implementing them, will be designed
using Simulink. Before modelling the system, an identification and calibration of the sensors and
actuators is done. For controller design. it is desirable to have a lincar system, because plenty
linear technigques are awailable. Therefore, if possible. small non-linearities in the sensors and
actuators are compensated to get more desirable behaviour. This results in the following problem
definition, consisting of three parts:

e Calibrate and if necessary, linearize sensors and actuators of the svstem. These calibrations

will be implemented in the system giving the system a linear output.
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e Design a model of the system with the help of a good identification of the svstem and
measurements and build a simulation model. The modelling of the svstem will be done in a

whitebox as well as a blackbox manner

o Design a (MIMO-)eontroller that controls the distance d by actuating the two independent

actuators on the hinges. The exact demands to this controller are listed in section 4.1.2.




Chapter 2

The system setup

A test frne is present of which the distance of the DIP-kuife to the DIP-drum is variable by means
of 2 elastie hinges on each side of the knife. Two independently controllable voicecoil actuators,
which are fixed to the hinges. take care of the control (see Figure 2.1). A DSP regulates the
coutrol of the actuators and a PC running Matlab is used as interface and for the storage of data.
Before the test frame was built, different alternatives were proposed and judged and during this
assignment some alternatives were discussed as well. Parts of the test frame are calibrated and if
necessary, linearised to get desirable linear behaviour.

2.1 Test frame
2.1.1 The test frame

The DIP-knife has two degrees of freedom. it can move radiallv (in x-direction) and because of
the illl|!'])l‘t|‘|t‘lﬂ actuators on both sides rotate (around the y-axis), The sleeve rotates around
the DIP-knife (around the z-axis). To position the DIP-knife, actuators arve placed at both ends
of the DIP-knife. The used voicecoil actuators consist of a housing connected to the frame and
a coil connected to the two hinges. With the hinges the coils are connected to the DIP-knife
with a transmission of 1 : 5, The displacement of the actuators is measured by two foto-diodes.
The diodes are partly shielded from the LED's by the moving actuators, so the position of the
actuators influences the intensity of the light received by the diodes and their displacement can
be measured.

To compensate for steady state gravity forces working on the actuators and the DIP-knife
and for the stiffness in the hinges, a negative stiffness is constructed, This stiffuess decreases the
reguired foree of the actuators and therefore it decreases their size and heat produetion, The
negative stiffness is provided by two magnets placed in a U-formed frame at the outer sides of

¥ o et
kY | sieeve of the DIP knife
LA P Y~ . ®lastic
—3 =7 L1 hingw
3 . DIP-drum 3
lIl"!P-rl\d'
ting magnet position Vulcwcuil
' sensor actuator

2 1 Schematic view of the test frame

Figure




6 CHAPTER 2. THE SYSTEM SETUP

both elastic hinges., If a hinge moves. the magnet gets eloser to the U-frame and its magnetic
attraction leads to a negative stiffuess. Both the actuators and the motors are controlled by a
DSP, which is coupled to a PC. With a program loaded to the DSP and using Matlab as interface,
the system can be controlled.

2.1.2 Voicecoil actuators

The choice to use voicecoil actuators is based on a list of demands: The actuators should be chieap
and easy to implement. Furthermore they need to be strong enough to reject the disturbance
forees, but just using more electric power is not the solution sinee that heats the svstem too much.
The actuators need to follow a relatively slow setpoint with a maximum bandwidth of 3 Hz. but
they should be stiff enough to reject the disturbances, which are of high frequency. Some aptions

alres

Positioning using a spindle A great advantage of a spindle is its great stiffness between the
two drums and resistance against disturbances. A disadvantage is its complexity makins it
too expensive, besides the fact it consists of many moving parts that can fail

Position the knife by making the sleeve roll over the DIP-drum This appears to be im-
Inm\-illlrﬁilu'l‘ too much touer is present around the drnmns, so the roll area will not stay clean
enonugh. Furthermore the position can not be controlled, it is only better defined relatively
to the DIP-drum than it is now. An advantage again is the high stiffuess between the droms.

Positioning using voicecoil actuators An advantage of the voicecoil actuators is the lack of
moving parts and the low cost price. Two disadvantages are the low provided maximum
foree and the fact that the stiffness is mainly defined by the controller. But the transition in
the hinges between the actuator and the DIP-knife increase 5 times and therefore increases
the controller stiffness perceived by the DIP-knife.

Sinee the disadvantages of the voicecoil actuators can be solved, these are chosen together
with elastic hinges, containing a lever with a transmission of 1 : 5, to control the DIP-knife.
Some advantages of the volcecoil actuator are: linear dependeney of the resulting forces on the
input current, a low moving mass, high motor constants of the actuators can be achieved and
no mechanical contact between moving parts, preventing friction and non-linear behaviour. But
there are some disadvantages, which have to be taken into account: only siall strokes are allowed,
otherwise the resulting foree will decrease and the stiffness and disturbance rejection fully depends
on the controller.

2.1.3 Control by the DSP

The system is controlled nsing a DSP (TMS320LF2812 Texas Instruments). A PC communicates
throngh a USB- and /or RS232 interface with the DSP, which performs the real-time control of the
system and sends data to the PC. The data is buffered in a FIFO-buffer because the speed data is
generated may be higher than the USB-bus can handle. The PC is ouly used for data storage and
as User Interface for the system using Matlab-GUIL The DSP has many built-in hardware-options
like A/D-conversions. digital I/0, counters, capturing, ete. The control output of the DSP, PWAI
(Puls Width Modulated) signals, is boosted and used as input for the voicecoil actuators. The
sensor readings are directly coupled to the AD-converters of the DSP.

The DSP coutains a Flash-memory of 256 kByte in which a library with standard control
procedures is uploaded. When the svstem is started, a DSP-program is uploaded via RS2:32.
which consists of a part that communicates with the PC and contains information about the used
Prou edures and their interconnections. and a controller, which communicates with the svstem and
caleulates new set point signals, The program is written in C++ and uploaded using a C-compiler.

Every control step the sensor / encoder [\lr«iﬁl ms. the *-l'![unlllll }Jtr-iliu“_\ and the control siguals
which are sent to the actuators are sent to the DSP-FIFO buffer. a data flow of 32 kByvte/s. The
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Figure 2.2: Controller activity in time.

actuators and the motors are controlled using 20 kHz PWM-signals: the DSP reads the AD-
converters, ealeulates a new control output, sends this signal to the PWNM-outputs and writes a
log to the PC using the USB port. A new setpoint for the next time sample is calenlated and then
it starts waiting for a new interrupt.

The Controller runs at 2 kHz so every sample time contains 10 PWM-periods. The length
of the pulses is controlled by the control output. To prevent the switching of the PWM-siguals
disturbing the measurements and AD-conversions, the PWNM-periods length is limited to S0%.
The AD-conversions are performed in the other 20% of the time, in which no switching of the
PWhM-signals occurs. The conversions are performed 8 times and averaged to suppress noise.
The pulses of the encoders of the motors are counted and the falling and raising edees of the 8
most recent pulses are eaptured by hardware in the DSP. Therefore accurate speed estimation by
itlh‘I]lul:il’in:l betwoeen encoder |1!l]_--{'.\ can be made

The PWNM-signals are controlled by a 12-bit integer having a range of -2047 to 2048. The range
is limited from -1500 to 1500. After the AD-conversions. the controller caleulates a control sienal
and updates the PWM. This results in a time delay between measuring and control output of
least at one PWNA-period (1/(20 kHz) = 0.0005 5} (See also Figure 2.2). The controller caleulates
its output using integers. This ean give problems such as data loss or integer overflow it the
control signals get too low or too high. A solution would be using Hoating point operstions. A
disadvantage is that this is a slower alternative beeanse it takes more ealeulation time.

2.2 Calibration

From a control point of view, linear dynamic behaviour of the system is desirable. Furthermore,
svmmetric behaviour can be useful since the left and right controller can be the same. Therefore
the system is calibrated and linearized if necessary and if possible. A resulting overview of input
and output signals is made in which becomes clear how the signals evalve in the system (see Figure

g =
&l ).

2.2.1 Position Sensor

The position sensor consists of a LED and a foto-diode. The actuator moves in between them
leaving more or less LED-light exposed to the diodes. The voltage through the diodes is nused
to determine the position of the actuators. The analog signals from the diodes are converted to
i 12-bit signal with a range of 0 to 4095. The position sensor is not linear: the real position
al drifts in
time. Therefore the sensor has to be calibrated and a compensation for the non-linearity has to

versus the output signal of the sensor has a S-shape. Furthermore, the output sig

be implemented.
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Calibration

To calibrate the position sensors, the known distance between the physical boundaries of the
actuators is used, which is 1.5- 107" m. The output of the AD-converters varies from 0 to 4096 bit
which results in a resolution of about 2.73 < 10" hit/m. To ease working with the signals, the
resolution after calibration is set to 4,0 - 10% bit /m, which results in a range of G000 bit over the

total displacement of 1.5« 107" m. The actuators are moved from one stop to the other. The
minimmmn sensor reading is used as origin and set to 0, the maximum sensor reading is set to
GOOO it

Linearization

To identify and compensate the S-shape, a diagram is plotted with the real position versus the
ontput signal. The following assumptions are made: the elastic hinges have linear stiffness and
the voicecoils have linear imput-output behaviour. Therefore, if the compensating magnets on
the outer side of the hinges are removed, the real pesition is linear with the signal sent to the
volcecoil actuators. So moving the actuators with a sawtooth setpoint, and plotting the actuator

PWNM-signal against the position reading. all non-linearities are caused by the position sensor.,

Those assumptions are not totally correct. The PWNM-signal has a dead-zone around zero, which
gives a step in the plots what is not caused by the position sensors. Furthermore some hysteresis
IS present

With a least squares method a 5"-order polynomial is fit on the resulting S-shaped output.
( The step around zero and the hysteresis are not taken into account since these are not caused
by the sensor). A 6"-order fit did not have significant improvement anymore and therefore a
ril

Vi eorder fit is used. By multiplication of the sensor output with this polynoom. the corrected
position reading becomes linear with the real position.

Latual i) (2.1)

Cioy 4 f'_-.I::_ : ('g.l'f“

+ ('t-",l,. +Caath

with 2 in pulses and @, the output of the sensor hefore linearization

Look-up table and sensor drift

A look-up table is nsed to implement the linearization, because this takes less online ealenation
time than using equation 2.1 for all the ontput data, The look-up table with a range of 0 to 4096
is filled with the results of the linearizing polynoom, so for every sensor output a linearized out put
signal with a range of 0 to 6000 pulses is returned. The resulting output now becomes:

DM
l(.l-‘.—r.__ . ) {.{‘ri-.._.“
lookup(r,,) (2.2)

Ltin (Clam) = Cltm,..))

with ry,, the resulting linearized output in a range of 0 to GODO pulses,

The 5" -order fit is performed once because it requires the removal of the compensating mag-
nets. So the coefficients O, of the polvnoom are caleulated once and saved. Becanse the outpmt
of the sensors drifts in time, the maximum and minimmm output have to be calibrated frequently.
Figure 2.4 shows the first two coeficients of the least squares fit. The exponential character of the
plot implies that the coefficients converge to a final value, which is likely to be the result of some
sort of heating. The first two coetficients, which indicate the boundaries and slope of the fit can
be updated frequently by a calibration of the maximimm and minimum sensor output. Therefore
a calibration function is implemented in the C-code. which ean be run easily in between 2 print
jobs. The output range is determined and using the saved coeflicients the look-up table is refilled.

Figure 2.3 shows an example of the measured data together with the accompanied linearized data.




2.2, CALIBRATION 9

Lewanize

Lincansod right serws
Nom-hncanrod kel wmog
Nom-incartrod fighl wnes

i X e i 1 L 1ot
[ - | 1 11
Figure 2.3: lineariseren

Conclusion

Before the compensating magnets are installed. a calibration has to be performed to compensate
for the S-shaped input-output behaviour of the sensors from which 5 coefficients follow. Afier that
the calibration has to be repeated frequently to recalibrate the npper and lower boundaries of the
output signal because the sensor ontputs drifts in time, Every time the calibration is performed
the look-up table is refilled.

2.2.2 Hysteresis and dead zone

Becanse of magnetie charging of the iron, hysteresis is present and the S-shape becomes a loop.
This charging is initiated by the movement of the coils, which induces a magnetic field and becanse
the way the coils move varies all the time. the present hysteresis varies too. But hvsteresis is some
sort of energy dissipation, which is positive for the damping of the svstem and despite the hysteresis
the correctness of the ontput will not be affected, Therefore some hysteresis is not bad and it is
uot taken into account furthermore.

The input PWNAM-signal can be on or off: —1. 0 or 1. If it switehes from —1 to 1 or vice versa.
it first switches to 0. So around 0 a dead zone is present in the ontput signal, which is initiated
by the PWNM input signal. The solution to this problem is to choose an equilibrium or working
point for the actuators that lies far enough above or beneath this desd zone.

2.2.3 Elastic hinges

By introducing extra controller stiffness at one side. an attempt is made to equalise the stiffness
amd right elastic hinges to make the DIP-system more svmmetric. The stiffness can be equalised
but overall results are not very promising since different actuator masses ete also influence the
symmetric dyvnamical behaviour. Futhermore including varving feedback can result in stability

problems so this idea is not implemented in the final controller.
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2.2.4 Voicecoil actuators

I'he voice-coil actuators are approximately linear. They are actuated by a 12 bit PWNM-signal.
he PWNM-signal has a pulse-frequency of 20 kHz and a range of —2048 to 2047 bit, depending
on the time it is 1 or -1, which is limited to —1500 to 1500 bit. This limits the output to 30% of
its maximum so every PWM-cyele 20% of 20 kHz, 1- 107" 5. is free of PWM-signals. In this time
AD-conversions for the position measurements are performed.

The actuator forces are calibrated and the controller ontput is corrected before they are sent
to the PWNM-generator. Calibration showed that a PWNMN-signal of about 490 bit results in a force
of I N, The controller output is multiplied by a correction factor which makes 500 bit results in
I N (Sensitivity of 2+ 107% N/bit). To determine the left and right correction factors some tesis
are performed. With a foree sensor a known force is applied to the DIP-knife and the signal
the controller needs to keep the DIP-knife in position is measured. Figure 2.5 shows the relation
between the controller activity and the applied force.

Before the foree sensor was available, some tests were performed using the mass of the DIP-
kuife. DBy turning the test frame. the gravity forces on the DIP-knife and the actuator mass
change. Using formula 2.3 the effeet of these changes on the aetuator are ealculated. So the foree
on the actuator cansed by the tilt of the test frame is known and is compared to the controller
activity to keep the DIP-knife into place. This results in 0,0021 and 0,0022 N/PWNM-bit for
respectively the left and right actuator. From these values a correction factor is ealculated leaving
0.002 N/PWAL-bit for both sides. For the left and right actuator these factors !1'-.-;le'l\'|'|\ are:
0.96 and 0.92.

F, (et - D81 - cosa - mprp-9.81 -sina) /5 (2.3)

With F, the gravity foree acting on the actuators, m,,., the actuator mass. mypyp the DIP-mass.

a the ansle of the test frame. » the angle between the gravity vectors of the DIP-knife and the

setiators.
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Figure 2.5: Calibration of the actuator motorconstants. Measurement data and first order fit

2.2.5 Selfinductivity

During the system identification (Chapter 3) it is shown that around 300 Hz the angle of the
measured frequency response drops to =270 deg. A possible canse mayv be the selfinductivity of
the coils which causes a counter-EMK influencing the linear behaviour of the voicecoils. The
selfinductivity of the coils is measured. This is done by placing the coil in a RC-network 10]. A
sine-shaped voltage is applied at the network and the voltage across the eoils is measured. The
selfinductivity appeared to be too small to influence the system that much.

2.3 Linearity of the system

The linearity of the system is checked as well as it being constant in time. As explained in ( ‘hapter
A, the frequency response of the system is measured, This is repeated several times with different
implemented controllers. If the system is linear, every time the same response is measured. These
meastrements are also repeated with the DIP-knife in different positions. Figure 2.6 shows the
different frequency responses.

Clearly most responses are equal what implies that the system is linear, The only response
that is different from the rest is a response that was measured when the actuators were just turned
on. This implies that the system changes when it heats up. This is also the conclusion from the
least squares fit on the position sensors (see section 2.2.1) where the coefficients of the fit drift in

time.

2.4 System parameters

Jefore modelling the system. some masses and stifnesses are determined. The actuator stiffness is
determined first. Since the actuator foree and position signals are calibrated, force and position
measurements at different actuator positions provide information abont the actuator stiffness.

This leads to a stiffness of 2.3+ 10" N/m.
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Firgure 2.6: Lincarity of the systemn., seven measurements of the same frequency response of the svstem

The mass of the DIP-knife and actuators is already known but ean be checked with the first
resonance frequency. This is the resonance of the DIP-knife mass and actuator masses on the

actuator stiffness. This resonance lies at w = ko /(mppp/iZ + 2 m,0) 160 rad /s, With &,
(actuntor stiffness) and ¢ (transmission of the elastic hinge) koown, the sum of the DIP-knife mass

and actuator masses can be checked.

2.5 Conclusion

The designed syvsteni, calibrated and linearised. This results in a well defined linear system. To
make the system linear and to ealibrate the system different steps are taken which arve deseribed
before, An overview of these steps is given in Figure 2.7, The measured position of the system
is linearised and sealed using a lookup-table (see section 2.2.1). This results in a position signal
transferred to the controller. To the control output an extra outpuat can be added to correct for
different actuator stiffness (see section 2.2.3). This output is transforred to a PWNM-signal and

send to the actuators (see section 2.2.4).




9

2.5 CONCLUSION

System

- Position sensor
calibration

Actuator
calibration 2 -
i
Y \ -
' MIMO-system
" £<
Suh; Irthe control signak, which resuls aciuator- Sensor- Ve The pos ton sensos are calk
n the same actuator constantfor dcth sides T brated (methout the compersa
and uyand w (PWM signak ) provide the constant calibration tirg magnek ) and 2 linearnzing
$ame actustor force. leftrespectively right 5" croer flto compensate the
providec 0002075 and 0 OC2478 NPWM A S-shape s mplemantad by a
pult 2 and after the soaling toth prownde look wp table
0002 Nrnputsignaipuls e
= v Sealing of the senser output
To prevent dsturbances of the AD- = s 2067
conversong, the PWM-signal iz mied to limitation output Pl (B e _
B0% (1900 puls es). which leaves 20% oo to PWM Scﬂil'lg g 0?_2'5] e
the AD- sonvacions pulse (with 2 madmum
deplacementol 1.5mm a2
range of C-E000 puk es resulls)
Secaling of the cantrolpa amatan hecause
fced pont operations aie ur od = the 11024
desigred control patameters theretore have MAII AB
1o he uploaded 1024 tae high b
decoup Implementation of
: the decoupling
hng malike
stiffness =
‘—_ H h Scaling of the
/ scaling control signals, 1o
; compensate for the
? 7/ different stifiness in
111024 S both hinges so they
MATLAB / controller do not influence
< i "— these signals u.
/f‘ N and u,
S \
‘\
Stiffness B '
calibration
Designed
~ controller
Figure 2.7: An overview of all calibrations and linearizations in the svstem




Chapter 3

System Identification

3.1 Introduction to system identification

To gain more lilln\'.']w!;;:' about the behaviour of the system, which can be nsed in the 1|¢‘.~§2I! of a
controller. the system is identified and a model of the svstem is made. The models can be divided
into two main groups: whitebox models and blackbox models. Of the test frame both a blackbox
and a whitebox model is made. The whitebox model is used to get a better understanding of the
system. The model shows the influence of parameters that also exist in the actual svstem so it can
be used to gain knowledge about how to improve the svstem. The blackbox model is used in the
design of the controller sinee it is a more accurate representation of the svstem but its parameters
have no physical meaning,

The models are mainly tuned on measurement data in the frequency domain. After tuning.
the models and the measured data are compared to judge the models. To retrieve the frequeney
response data of the svstem, the output-sensitivity is measured (See Figure 3.1). Since the svstem
has 2 inputs and 2 outputs, the sensitivity is a 2x2 array. Using equation 3.2 the 2x2 frequency
response of the system is ealeulated from the sensitivity.

} | y
§ = ——— (3.1)
1+ HC
H = (inv(S)=1T) (3.2)

The whitebox model is designed in statespace notation using the varinbles listed in appendix
A and the blackbox model is designed only using the transfer functions. Both models prodice
frequency response data using the same frequencies as used for the measurement data. The
accuracy of the models depends partly on the size of the frequency range they deseribe. This
range is determined by the needed bandwidth of the controller and beeause this depends on the
present input signals, first an identification of these signals is performed.

J
o c —“-!—'-r_n_a—‘[-— H )’! AD| oo

ke oustpern
J=nwbance sagnal o sarvsinly IMsEsuraTent
¥ Fosman

Fugure 2.1 General control lavout
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3.2 Identification of the disturbance signals

3.2.1 Disturbances

The bandwidth of the controller depends on the present disturbances and input signals. Because
the frequency of the setpoint signals is significantly smaller than the maximum frequency of the
disturbances the main goal of the controller is to reject disturbances. The main cause of the
disturbances is vibrations resulting from the rotation of the sleeve of the DIP-knife. so the sleeve
is turned on with a speed of 10000 mm/min. a frequency of about 1.3 Hz. The controller is turned
off and the disturbance of the DIP-knife is measured. Using the frequency response of the system
the forces initiating the measured disturbances are caleulated. In the lower part of Figure 3.2
these disturbance forees are shown and as can be seen disturbance forees of about 2 N should be
taken into account with this rotation frequency. If the rotation frequency is doubled. the size of
these forees remains about 2 N,

Figure 320 Input disturbance signals resulting from the drive of the sleeve in the frequency and time

domain. The rotation speed of the sleeve is 10000 am fimin.

The data is transformed to the frequency domain. As ean be seen in the upper part of Figure
3.2, peaks appear at the rotation frequency of the sleeve and higher harmonies of this frequency.
Larger peaks such as the one just above 50 Hz may result from the gear of the sleeve drive.

To determine the contribution of the measurement noise in these disturbances, the measure-
ments are repeated with fixed actuators. Sinee in that ease the actuators cannot move, the
measured position errors result completely from measurement noise. The result is an error of
+1.3pm. so the original demand of an accuracy of +1,0pn cannot be achieved,

3.2.2 Cumulative error

The cumulative error is the total error up to a frequency that is initiated by the present distur-
bances like the drive of the sleeve. These disturbances are identified and therefore per frequency
the addition to the total error can be caleulated. which off course will resemble the previonsly
calculated error per f:'(wll]t'lll'f\'. The f:'wl:h'!lr\' range where the biggest Iirnhh'!u:- cat be I‘.\'.!\l'{'ll'!]
are determined and it is in this ranege the largest controller gain will be needed.
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Fugure 3.3 Cumulative error resulting from the mput disturbanee signals like the drive of the sleeve. The
rotation speed of the sleeve is 10000 mim /min.

]

In the plot of this cumulative error. Figure 3.3, one can see that in the frequency range of
20 Hz to 110 Hz the largest addition to the total cumulative error is measured. This error is
wainly initiated by the drive of the sleeve. In these tests again a frequency of 1,3 Hz is used. This
frequency and some of its higher harmonics are again indicated with the green cireles in the lower
part of Figure 3.3. In the upper part of the figure also the cumulative error of the continuously
present noise like sensor and measurement noise is shown with the green and vellow line. These
disturbances are constant and have the same magnitude over the whole frequency range, which
results in an exponential growth of the cumulative error on a logarithmic seale. In the lower part
of the fignre, the addition to the error by the drive is compensated for this constant noise. The
same conclusions as in the previous section can be drawn, that the disturbances in the range of
20 Hz to 60 Hz have the most negative influence on the total error. The disturbanuces should be
rojected by the controller, which therefore should have a minimal bandwidth of about 70 Hz to
100 Hz and for some frequencies extra gain is desirable,

3.3 Whitebox model
3.3.1 Model

For the whitebox model a 3D-model with dampers, springs and masses is designed, which represent
the total system. In Figure 3.4 the 3D-model of the syvstem, using dampers, springs and masses is
shown.

The masses and moment of inertia of the DIP-knife, both actuators and the frame are taken
into account. The stiffness and damping between these masses are modelled. The frame is attached
to the rest of the machine by springs and dampers in the degrees of freedom of interest. The DIP-
knife has two degrees of freedom: a displacement in x-direction. x», aud a rotation around the
v-axis, ra. Both the actuators have a degree of freedom in the v-direetion. »y and r-. The frame
is assumed to have two important degrees of freedom with respeet to the rest of the machine: the

displacements in x- and yv-direction. ) and r¢. The inputs and outputs of the real system are
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Figure J.4: Overview of the 3D-whitebox model

the input forces Fy and F; and the displacement »y and o5 of respectively the left and the right
und in table B.1 in appendix B. In
maodel are ineluded

actuator. A complete overview of the used variables can be |

the same appendix the resulting equations, w hich describe the

Che system is modelled as good as possible till 150 Hz, beeause the needed bandwidth for the
ition of the
systen (see chapter 2) the electronics and sensors are nssimed to be linear. So the counter-EMK

controller is about 60 Hz to 100 Hz (see seetion 3.2), After the calibrations and ident ific:

in the voicecoil actuators for example is not taken into account into the model.  Also internal
degrees of freedom, which are assnmed to be of much higher frequency than the before mentioned
100 Hz like hending of the DIP-knife aren’t taken into sccount.

3.3.2  Parameter optimisation

For the parameter optimisation initially two models were nsed: a symmetrie model with the same
parameter values on both sides and a non-symmetric model with different parameter values, Soon
already the symimetrie model appeared not to have enough degrees of freedom to it a good model
of the system, so the actual parameter optimisation is performed using the non-svmmetriec model.
The main optimisation is performed in the frequency domain, An optimisation in the time domain
wis tested as well, but the results were not that good. This optimisation probably will suceeed
il more attention and time is given to, but in this ease the optimisation in the frequency domain
was good enough already, so the optimisation in the time domain, based on step responses, was
not paid enough attention to.

For the optimisation of the parameters in the frequency domain, initially the values of the
system parameters are estimated by the values found in literature and measured during the cali-
bration and identification of the system (see appendix A). These initial values are varied and by
examining the frequency response of the model the influence of varving the different parameters is
traced (see Figure 3.5). Using this information and common knowledge of the influence of masses,
springs and dampers on a frequency response, the parameters are tuned to mateh the model on

."r.lr. \ I'!ul.\n!i.lh}\ ‘_[l#\tli !IIIHI('i 1.- l!i!';lilli‘il nf

the measured frequency response data, see Figure
which the parameter values are listed in table B.1 of appendix B.
Secondly. the model is tuned using a minimisation algorithun (the Matlab built-in tool finins)

to minimise the error between the model and the measured data. First all parameters of the non-
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syvimmetric model were estimated by the algorithm. The responses of the resulting model resemble
the responses of the measurement data very well as can be seen in Figure 3.6, but the estimated
parameters are physically impossible (see appendix B). Some parameters with very deviating
values Appear Lo have little effect on the total transfer, like J'.',,,‘ and therefore they may be doubted
on. But other parnmeters with deviating values have significant influence on the behaviour of
the system and the model, like the length L of the DIP-drim and the damping b, ., 5. Therefore
using these parameters, the model can only be used for loopshaping and not for further design of
model-based controllers.

3.4 Blackbox model

A blackbox model can alwavs be fit. even if none of the characteristics of the system are understood
since the parameters of the resulting model aren’t based on physical interpretation of the system’s
behaviour. Using a minimisation algorithm, the four parts of the 2x2 frequency response data are
fitted separately. As a minimisation algorithm. the frfit-tool from the Diet-toolbox of Matlab [6)]
is used.

The order of the fit is determined by the number of (anti)resonances that is taken into aceount.
If a model-based controller is designed a good fit / good model over a range up to above the
bandwidth is needed. but the better the model. the higher the order of the model and the higher
the order of the model. the more complex the resulting controller will be. A start is made for
i'tx’.‘illl])]{' \\"I!il I'|1|' ||l‘.‘-iLLII of an H o -Ill!li“l'l'. Til(‘ ul'tlt'!' of lill' I",\iﬂ!ill‘.‘, cont I'n“c':l \\'i“ ln' I'(]Ilitl to
the order of the used model plus the order of the weighting and shape filters. For this purpose first
a controller of reasonably low order was fit, but even then the controller became too |'=Jlll|l|(-x [ s
appendix C). Beesuse further on the attention of the controller design staved with loopshaping
the order of the model s not very important since the order of the controller does not depend
lii!ﬂ 1'|‘-' ol Ihl‘ nllil‘! of the mmil’l. Soa L:nm] lllmh‘l lif ]H”" llil!l't was hit, '“u' [l'r-'llll i5 a model.

1

which is good up to 300 Hz. see Figure 3.7.

[n the final svstem a decoupling is implemented, so the responses of the system are changed
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/ pgpure 3.6 Whitebos nfri vs Imeasuremont data. Whitebox mode] with parameters of |r||||1:~|11 by hand,

using the |i||\--i| al nnpact of the paramelfers, and using the minimizat ion "I"'J it han frouns

(see section 3.5). Beeanse this decoupling varied during the design process. no blackbox model of
the final decoupled system is designed. The non-decoupled model ean be decoupled in the same
way the system is, but model-errors may be boosted and the result will not be an optimal model
of the decoupled system.

3.5 Decoupling

Because of the 2 inputs and 2 outputs of the system, it consists of 4 transfer-functions (see for
example Figure 3.6). The 2 diagonal terms are the direct transfers of the input on one side of the
svstem to the output on that same side. The other 2 terms, the eross ters, can be interpreted
as responses that are felt on one side of the system if the other side of the svstem is actuated.
This interaction is relatively large in this case as can be seen in Figure 3.6: the amplitudes of
the cross terms are of the same order as those of the diagonal terms. Control actions boost these
responses, which can cause instabilities if they become too high. Therefore, a decoupling that
decreases this interaction would simplify the control problem. If a good decoupling is found, the
control problem focuses on the diagonal elements and instead of a NIMO-control problem. a kind
of 2-SIS0-control problem remains.

To \'l'!i[.\ if asystem is |I|'l'n!1;1|l'-| well a lit'.\j-_'_llml diagonal controller ean be i!u:.lll mented, the
MIMO-sensitivities calculated and the diagonal sensitivities compared with the sensitivities of a
system in which the same controller is implemented but Hyy and Hyy are considered to be 0. If
the diagonal sensitivities do not differ substantially, the conelusion may be drawn the cross terms

do not have significant influence on the decoupled diagonal terms.
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Figure 3.7: Blackbox model vs measurement data

3.5.1 Force-momentum decoupling

At first sight., a decoupling of the rotation and the radial displacement of the DIP-knife,
respectively the states x4 and ry of the whitebox model. seemed a good solution to the decoupling
problem.  This decoupling ean only be obtained if the system is symumetrie. If the svstem is
completely symmetrie, a pure displacement in ap-direction is obtained if the input signals of
both voice coil actuators are the same and a pure rotation (in xg-direction) is obtained if the
input signals of both voice coil actuators are equally large but of opposite gign. In this way every
position can be reached and the measure of interaction is limited to the measure of symmetry
(and equality of the input signals). Using the same definitions as in section 3.3 this decoupling is
calenlated as follows:

The system nses Fy and Fy as inputs and a4 and 25 as outputs:

ay ] F o] o
. ' 3.3)
s H ‘ F ‘ (3.3
the dee lll|!|"i] SVstem uses F and M as mputs and rs and oy as ontputs:
= H,ui ’ M (3.4)

.]-II +|+'|'{|II[II|' the .\'_\.'-fl"lll. F] }I]ll! F_ are ¢'}l]|'|l!}lh'|| as function of F .I]il] A '.lllt] £ n“ll Jq are
calenlated as funetion of xy and rs5:

I's [ 1/(2-1) 1/(2-1) | ‘ Ty .
I'y ‘ 1/(L-1) V(L - 1) r= 35
in which L is the length of the DIP-knife and ¢ the transition size in the hinges
| F [ 1/2 1/L : | F -
J F; ‘ 1/2 1/L | M E2
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Substituting 3.5 and 3.6 in 3.3 and 3.4 results in

H, - H -

mid

(L-1) 1/(L-1)
which leaves the dece h’.lgllnl system .”_.,.-.

Fheoretically, the system now should be decoupled reasonably well. To check this. the ampli-
tudes of the diagonal terms with those of the eross terms are compared: (Hyy - Ho )/ (Hyz - Hay ).

The larger this coefficient, the better the decoupling: if both diagonal terms are twice as big (in
amplitude) as the cross terms. this coefficient equals 4 so a coeflicient larger than 4 is considered
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Figure 3.8: NMagnitnde of the diagonal terms vs the cross lerms alter |l|"l'HII|I||HL‘, Lo e and xq and

deconupling in a Tregueney range of 20 to 100 Hz nsing align

In Figure 4.8 this frequency-dependent coefticient is shown compared to the coefficient of the
original non-decoupled blackbox model and the measurement data. As can be seen, as soon as the
dynamies of the system become more significant than the steady state mechanies, the decoupling
has a positive effect and therefore this decoupling seems reasonably good. But if looked at the 4
decoupled responses of the system compared with those of the original non-deconpled system (see
Figure 3.9}, the amplitudes of the cross terms arve still relatively large with respect to the transfer
of force as i]i]}lll to the .."_--llih';lléll'l'llll'lll as out put,

Ihe transfer of the momentum as input to the rotation in xs-direction on the other hand,
is large, which explains the large coefficient. An additional problem in this case is that the
amplitudes of the force and momentum with respeet to each other can’t simply be compared one
on oue, beeause they have different quantities. A sealing with tll :: is logical: this doesn't
affect the .ltll!!lil!l!]l' cocficient and the magnitude of H;y with respect to Hy; doesn’t change
cither.

[h li‘ll:aliuli arises whether this is the most li!l‘i!lli\l ili"ll:l!lli[]f,‘\. because the assumpt ion the

svstem i r-_\!u!ul'!!ii may 1ot b rlr!llg}ll'll'l‘. |l"._‘_;1l To check this, first a rotation matrix of the
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‘ 22 | = Honi n-.| A (3.9)

&y
which has to rotate the force and momentum inputs in such a way a better decoupling is found
and the amplitude responses of the eross terms are minimized. In practice however. simulations
with actual response data showed the optimal result for # = 0, This would mean the deconpling
proposed in equation 3.9 is optimal. The standard method to deconple a svstem, which will be
discussed in the next section, is also tested and eventually used beeause of its ability to specify a
frequency-range where the system should be decoupled the best. Besides, the amplitudes of the
cross terms with respect to those of the diagonal terms are in both cases smaller instead of one
diagonal element with large amplitude.

3.5.2 The ‘*ideal’ amplitude-based decoupling

I theory the ideal decoupling matrix K with which only the diagonal elements of the deconpled
svstem influence the outputs can easily be caleulated by stating H,,. K - H = I, which leads
to K = H='. In this way a frequency-dependent 3D-decoupling matrix is caleulated. In practice
however this can’t be implemented and therefore the decoupling matrices over a specifie frequency
range are averaged and then used for every frequency. The decoupling matrix may only contain real
numbers, which means that only the amplitude of the response H,, is taken into account. Therefore
a frequency range in which the phases of the 4 responses are the same or a multiple of 180"

T
with respect to each other, has to be taken to caleulate the accompanying frequency-dependent

decoupling matrices. A phase rotation of 130" can be taken into account by a multiplication of
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the }\Ill[']illllll' with 1 for that response, Another lrplillll is to make use of the tool uf.’r,':.' ._,
This tool ealeulates a decoupling matrix on the same principle, but does take into account the
differences between the phases of the responses and therefore the caleulation isn't restricted to the
previous mentioned frequeney ranges.

In Figure 3.8 the same coetheient as mentioned in e previous section is shown for a li:'r'ul]ll]inu
based on a frequeney range of 20 Hz to 100 Hz. Besides the fact the decoupling in the specitied
frequency range is good. one can see that the result of this decoupling resembles the resalt of

the foree-momentum (|M'ni1;Ili o of the previons section for a great deal. In the range of about

130 Hz to 300 Hz the foree-momentum decoupling is even better from which may be concluded the
svstom is svimetric e i'llﬂ.il to det lr'.l;lll' the rotation and radial I“‘-'lllill.l memt with the foree and
Imomentum as i!|;1111<. Both the force-momentum Iil'lnll;riinu and the ;\Eu;liﬂlltln‘ bhased .'t‘.t'i;:'_'r«f
decoupling matrix using the align-tool are implemented. but for further use in the design of the
cotitroller, the latter one is used as mentioned before

Before the effects of the various deconpling matrices were compared using the .|:|J,E|“Tlll|i' coet-

fichents, this was s|n]||' by 1tu r.i\'i“ af Thr 4 Iil'r'l n]])ll'tl responses. _'\!'ul Iy niuse ol I|u' ;|i'ilit\' n?- l'hi'

align-tool to optimise the decoupling in a specific frequeney range this seemied the best decoupling
to use for the design of the controller. If the controller is optimised furthermore in future, a
further study to gain better understanding in the use of the force-momentum decoupling may be
performed as well.

Because the lln'rn-‘lilﬁll\_; using the -4-*'-’1;h—lwa| is based on a .~]|l'rilil EII'||1I1'I1I vV range, its effect
will be best in that range. To determine in which frequency range the decoupling has the most
positive influence for the controller to be designed, the cumulative error of section 3.2 is used.
Because of the large growth of the cumulative error in the frequency range of 20 Hz to 110 Hz
and the !u'.‘\i-; at 50 Hz, the lll'l‘\l‘llil“llﬂ\ 1S aptimise o for that part ol the total frequency range, see
LO 035
0,35 0,68

C-code. Other matrices can be caleulated and evaluated easily (see appendix D)

Figure 3.10. The resulting decoupling matrix is K which is iplemented in the
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Frgure 3. 10: The svstem decoupled using the align-tool in a frequency range of 30 1z 1o 100 Hz




Chapter 4

Controller Design

To design a controller for the discussed 2x2 MIMO-system, various strategies are possible [5.9].
If both inputs and outputs have only little interaction, the system can be treated as a pair of
independent SISO-systems. If interaction does exists, an attempt can be wade to decouple the
system to a system with more or less independent states. If the system cannot be decoupled
a controller should be designed using MIMO-techniques such as sequential loopelosing or more
complex control techniques such as robust control (H. ), learning eontrol or model predictive
control (MPC). Some of these techniques are tested and discussed below

4.1 Control setup

4.1.1 Design strategies

Since significant interaction exists between left and right actuator (see section 3.5), first an attempt
is made to decouple the system, treat as 2 SISO-systems and design a controller using loopshaping
techniques (see section 3.5). The controllers are tuned using a model of the svstem and with
meastrement data. The controllers are transformed to the discrete domain and loaded into the
program in the DSP, A .‘«[Il'l'iill test algorithin (see appendix D) measures the actual transfer of
the uploaded controller and compares it to the designed controller. If the controller is loaded, it
is tested in practice by verifving the closed-loop behaviour,

If the decoupling is not sufficient, a MIMO-controller can be tuned by means of sequential
loopelosing: one input-output transfer is considered, for example Hyy and a controller, €', is
designed for it. The controller Cyz and Cyy are considered to be zero. Next the controller €y,
is tuned for the next input-output transfer, in which the controller Cyy is considered to be part
of the system and therefore also influencing this next transfer. So Has becomes H3,, which is a
combination of Hyy and the closed-loop behaviour of the first control loop:

H3y = Hyy + 21 Hiz-Cii (4.1)
-l - 1 -Cyy-Hy
Theoretically, this can be extended to the cross terins of the system.

Parallel to the loopshaping techniques the possibility of robust control (H.. ) has been examined
since this technique is especially good with MIMO-control problems and model uncertainties, In
this case a controller has to be designed for a test frame. which has to be implemented in many
other systems and therefore systemn variations and uncertainties will be present. The order of the
resulting Ho-coutroller depends on the order of the model and the used weighting and shape
filters. In this case the model is of reasonably high order so a reduced model of the svstem has to
be nsed as a result of which characteristic resonances have to be ignored and the controller may
not be the optimal, so this strategy is not implemented. Appendix C deseribes the start of the

design of the Ho-controller.
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The main control aim is to suppress disturbances (see section 4.1.2). The rotating DIP-drum
and sleeve of the DIP-knife cause most of the noise. If the noise has a repetitive character, it
may be possible to suppress some of it with a feedforward term. This feedforward term should
be tuned using a learning algorithm. Because the radial counters of the sleeve and DIP-drim do
not measure their absolute rotation and therefore the time the input disturbances are initiated is
not known. Otherwise the feedforward terms could be tuned onee during an initial calibration.
Because of this learning algorithm. it will be too slow in this case. Also techniques like MPC are
too slow because of the required caleulation time.

4.1.2 Control demands

In section 1.3 is already explained the controller should position the DIP-knife with an accuracy

of 1yum up to 3 Hz and from section 3.2 ean be coneluded the original demand of disturbance
rejection up to 100 Hz remains, but with extra attention to the frequency band around 50 Hz and
the higher harmonies of the rotation frequencies of the sleeve and the DIP-drum. Besides the mean
disturbance foree is 2 N instead of the original 1 N. To be able to implement enough damping to
create phase mwargin up to 100 Hz, the sampling frequency of the controller, 2 kHz, is chosen 20
times higher than the bandwidth. For disturbance rejection the controller gain should be hish
l'!lrnl','_li to kt‘I'!" the error below 11 with a disturbance foree of 2 N, This results in a controller

stiffness of 2000 N/mm. The concluding demands to the controller are:
e The maximmm frequency of the setpoint signal y.,, will be 3 He,

e The maximmm error perturbed by disturbanee signals, which are about 2 N may lead to an
mwaximmm error of 1pm. This is stated for a frequeney range up to 100 Hz because the main
disturbances are initiated in this range.

o Within 10 ms, the effects of a step disturbance has to be compensated for 90,

4.2 Controller design

4.2.1 Controller design using loopshaping techniques

For the design of o controller using loopshaping techniques the method depicted in scheme 4.1
is used, A controller is designed in the frequency domain using components like PID-controllers,
noteh filters and lowpass filters. For this purpose the tool MCD (see appendix D) is used in which
the controller ean be designed and the effects of various controller designs can easily be evaluated
by multiplieation of the controllers with the MINO-transferfunctions, Two SISO-controllers are
designed in the frequency domain, assuming the decoupling is well enongh. If desired sequential
loopelosing ean be used in this design process. After a good controller is designed it is transposed
to the z-domain and with the same tool the effects of the resulting controller can be verified with
the hielp of ealeulated open-loop responses. sensitivities and Nyquist plots of the MIMO-system.

The left and right direet transferfunctions resemble a lot and therefore initially the design of
the controllers is the same for both. Initiallv two PD-controllers are designed with enongh phase
margin around the bandwidth and a gain as high as possible. The resonances at about 200 Hz
appeared to be a problem in increasing the gain furthermore

To suppress these resonances a noteh is designed. A pair of two identical notches in the range
of 175 Hz up to 190 Hz give the best result and the gain can be increased further. Also an I-action
is added in the range of 0.1 Hz up to 15 Hz to increase the gain in the low frequency ranges. This
is desirable because of the low rotation frequencies of the sleeve and the DIP-drum and the control
demand of a setpoint with a maximum frequency of 3 Hz. The phase decreases by this action. The
damping is increased (zero from 60 Hz to 70 Hz) and the gains of the two controllers are increasesd
as much as possible, again taking into account the phase margin, The result is a controller with a

bandwidth of 60 Hz respectively 70 Hz on the left and the right side and a steady state openloop
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Controller design process
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Figure 4. 1: Design and implementation of the controller

gain of about 40 dB on both sides. In Figure 4.2 the original transfer Hy;. the desigued controller
and the resulting openloop response are plorted.

" s A dlaiadld R Tt S T |

[l {1 I [ I

Frgure 4.2: The original transfer My (blue). the implemented comtroller (green) and the resulting openloop

respotise (red)

Since the identification of the disturbances showed a peak around 50 Hz an attempt is made
to design a noteh filter in this frequency range to increase the gain locally. When testing the
notch in the actual svstem however, the steadv-state controller gain seemed to have decreased
dramatically. The reason for this decrease is unknown. but data loss due to the use of integers

instead of Hoating-point operations is a possibility (see section 4.4)
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Figure 4.3: Simulation model to simulate thme responses on the modelled system.

4.2.2 Simulation model

To check whether a -|c:~'i‘_;hnl coutroller 1“’:!'“:'!“_\ as desired. a simulation maoilel is designed in
which the controllers can be checked before uploading it to the DSP. The simulation model is
based on the whiteboax model of section 3.3, the calibrating and Ii!ll':ltixin_u steps ol -'h;qm-z 2
and the designed controller, which is uploaded directly out of the controller design-tool MCD.
I:lt;lll‘lllrilinliu:l of the blackbox model ecauses instabilities. which are initiated by a wrong IIIIJL‘CI‘
in the low-frequent range. Part of the simulation mwodel is shown in Figure 4.3, The model is not
used a lot becanse the tools to directly test and upload the designed controllers are very efficient.

4.3 Implementation of the controller

I'he designed controller is uploaded to the DSP. Before the controller is tested with the system, it
is checked by measuring the transfer of the input to the output of the controller using a noise-alike
signal as input. The resulting response is compared to the uploaded diserete controller and in this
way it is checked if the controller is nploaded well. If the controller is uploaded well, it is tested
with the system. Using a rotating sleeve and a constant setpoint signal ag input the position of
the actuators is measured resulting in an indication of the error.

The sensitivity is determined using a known noise-nlike signal as input. The openloop response
of the system is calculated. which is compared to the previously designed response. The time
response can also be used to compare the resulting response with the designed response using a
simulation model of the system. The gain of the svstem can be increased online using lower or
higher voltages for the voicecoil actuators. In this way and with the help of the differences the
controller ean be optimised.

During implementation of the controllers, some unexpected stability problems appeared. A
possible explanation of this problem may be the fact that the control algorithin uses fixed point
integers instead of Hoating point operations to caleulate the controller signal. These integers can
overflow if the controller parameters are too big, or ¢an suffer from data loss if the parmeters are
too small. A solution may be to use floating point operations instead of integers, To cheek this.
different parts of the confroller are tested separately. The frequeney respouse of the implemented
controllers is measured and compared to the designed controller. It appears that a PD-controller
and a noteh-filter ean be implemented very well to a certain point. I-action is also possible to
a certain point: too high low-frequent gain eauses an integer overflow, which makes the control
algorithm nustable. Just like a too less damped high-frequent noteh-filter, which causes integer
overflow as well. The result of an integer overflow is the control output switehing from maximum
to mininnnn if the output arises above its maximum. Figure 4.4 shows three controllers: an analog
controller, its diserete version and the measured implemented controller. As can be seen, if the
controller becomes too complicated. and therefore the integers too high, the implementation of
the controller fails.

Therefore the finally implemented controllers do not inelude the suggested notches. One of the
final controllers is shown in Figure 4.5.

Another difficulty in increasing the controller gain are high frequent non-linearities, which have
not been taken into acconnt. When the controller gain and damping are increased further some
parts of the svstem, such as platework ete. start resonating. The first part that started resonating
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was one of the connections of the left elastic hinge to the frame, which appeared to have a bit
clearance. After removing the connection, the resonance disappeared. Incrensing the gain again
resilted in another part of the system to start resonating. This resonance does not start nor stop
by itself, but it starts if the closed loop system receives an impuls and may stop if the system
is damped efficiently for some time. Figure 4.6 shows the start en stop of this resonance. The
frequency plot of the frequency range the resonance is present shows a clear peak around 250 Hz,
so this non-linearity will be of that frequency.

4.4 Control algorithm

The control algorithm is written in C-code. The program consists of three parts: the first part
initialises the processor and the DSP and includes the calibration function (see section 2.2). The
second part handles the interaction with the PC, which is used as interface and the third part
is the actual control funetion. which is called every 0.006s. This function starts reading the AD-
converters 8 times and uses the mean instead of a single reading to reduce measurement noise. It
caleulates the position and error of bhoth actuators with the look-up tables with a position range
of 0 1o GODO pulses. Using the error. the control signal is calenlated using integer operations
to reduce caleulation time. To have enongh parameter resolution, the control parameters are
multiplied by 1024 and the resulting control signal is divided by 1024 again. This results in the
following controller, which follows from Figure 4.7 [4):

num Iy 4 g - 2 g numy -z (4.9
ilen de ny +dens - 27" +deng - 272 s

n'rt My =ty Lnumy « €, +Tums - €y + Mikmy - €4 2)) *
(dens - ugy, +deny - wig_a) (4.3)

with ug and gy the control output respectively the control input in sample A
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Figure 4.5: Designed controller

The calculation of the second part, the filterterm, is only based on information of earlier
samples. Therefore in practice, this part is already calculated the previous time thie control
function is called to reduce calenlation time between measurement and actuation. This results in
the following implementation of the controller:

K
e = X(r K—ic1 snamy) | /1024 — F (4.4)
=1
with
i
F L{Hk oy deny) | /1024 (4.5)

'l

caleulated in the previons call.

To the resulting signal. a noise-alike input signal can be added to be able to ealenlate the
sensitivity. This disturbed input signal is saved. Next the function calculates a few corrections:
first both signals are multiplied by the decoupling matrix, K, and secondly they are corrected for
the different voicecoil actuator constants with o, as discussed in section 2.2.4 and for the different
spring stiffnesses with a; and 3; as discussed in seetion 2,2.3.

Kia Kis o 3 :
Hhe: = (_mz.i”’ l' 1:12.1”“) 1024 | 1024 .5)
O | Ky (ro (32 .
up = (_TET‘_'ZTIM + K‘-lm) 1024 -+ 1024 (4.7)

with wp and ug, the resulting control inputs and K, ; the components of the decoupling matrix
K.

After these caleulations. the corrected signals are sent to two PWN-generators and the fune-
tion starts a control loop for the speed control of the drums. This is a PD-controller nsing the




I.5. RESULTS B

Figure 4.6: Time response of the system using a constant mput signal and the sleeve rotating with
LOOOO i /min: the frequency response is of the part between 15 s and 25 s of the time response in which
a non-linearity of the svstem starts vibrating (the input signal stayvs constant ).

speed of the DIP=drim and is not further discussed here. After all control ontputs are send to
the PWM-generators. the filter term, F, for the next sample time is ealeulated. Finally the mea-
sured positions, the setpoints and the control outputs are saved in a USB-buffer that sends the
information to the PC.

4.5 Results

The design of the controllers hias not resulted in a controller that meets the stated demands. A
reasonably good controller, which resembles the controller of Figure 4.5 for a great deal is found.
But becanse it does not meet the demands, the attention has focused on the demand to the
bandwidth of the openloop responses and on a good implementation of the controllers.

The original controller resulted in steady state errors of 11m and 16m and dyvnamic errors
of £4.5pum and £155um for respectively the left and right actuator positions. The resulting
controllers as deseribed in this chapter resulted in steady state errors of 7,5pm and 1,0pm and
dynamic ervors of £4.5pm and £6.0pm for respectively the left and right actuator positions. There
are several points that are the cause of only the slight improvement of the controller.

e Firstly., the present measurement noise, mainly caused by the position sensors, cause an
error of £1,3pm already. so a maximum error after control of £ 1 is not achievable.

o The mean disturbance forces amount to 2 N, which is reagonably large. In particular on the
right side, where the drive of the DIP-drimm and sleeve are positioned, the error is big as
can be seen in Figure 3.3.

® At a certain point if quite good notches are implemented, the parnmeters of the total

controller become too l;l!'-_‘.l' for the fixed Il\vil]f i!ll[!ll'!lil‘ln;ll ion. Therefore the hullllwidlij of




32 CHAPTER 4. CONTROLLER DESIGN

Figure 4.7: Overview of a discrete controller in the 2-domain as implemented in the C—code

the resulting controllers is just too low: on the verge of 60 Hz. while for a good disturbance

rejection a bandwidth of at least 70 to 100 Hz is required

Another way to increase the stiffness of the controller ill'!l'l'jllnl by the DIP-knife i to increase
the transmission in the elastic hinges. A disadvantage is the increasing stroke of the actuators.
Jesides, more damping in the hinges result in significant improvement in disturbance rejection.
Ihis was tested by placing some tape over the hinges. The disadvantage of it is a very restricted
stroke, therefore some other way of ll-’l;‘l]i!ill‘. may be thought of.

Becanse the design of the controller stalled at a given point, an important part of the attention
was focused on a good implementation of the controllers. This resulted in a easy to handle and good
implementation of continnous designed controllers: they are transforred to the diserete domain,
can be =l]1I' wded to the C-code of the DSP directly o1 evaluated usinge the simulation wlel andd

can be tested if uploaded to check if the implementation went correct (see section D).
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Conclusions and recommendations

5.1 Conclusions

The aim of this study was to make a model of a test frame and desien a controller for it. In
addition to this. calibrations and linearizations were performed, which were necessary to identify

the svstem

Calibration

Before the system is identified, the inputs and outputs of the system are ealibrated and if necessary
and possible, linearizedd. The sensor values are linearized and sealed using a look-up table. The
control outputs are scaled and then a correction can be added to make the left and right actuator
stiffness equal. This Iatter option is not used sinee it adds some nnknown controller gains to the
system, which can eause instabilities. The inputs and out puts are sealed to make a transition from
bits to 5.L-units easy. The system'’s linearity is checked by measuring the frequency response of
the system using different controllers and input signals. The result is a linear svstem with inputs
and ontputs in S.I-units. After this calibration some masses and stiffness are determined to vet
an idea of the system parameters before starting the system identification.

To gain information about the disturbances the controller should rejeet, these disturbances
are identified. The disturbanees are higher than expected (about 2 N up to 100 Hz), which result
from friction in the drives of the drims. Besides the measurement noise initintes an error of about
L. Some additional damping in the hinges results in significant improvement in disturbance
rejection and by inereasing the transmission in the hinges. the stifiness of the controller pereepted
by the DIP-knife incroases.

System identification

A blackbox and a whitebox model of the linearized and calibrated system are made. First the
MIMO-frequency response is measured using an open-loop sensitivity measurement. The model
parameters are tuned in the frequency domain using these measured responses. The whitebox
state-space model uses the physical masses, springs and dampers to model the svstem.  This
results inoa better fit, but does not give much insight in the influence of different parts of the
system on the output. The whitebox model is accurate up to 150 Hz, the blackbox model is also
accurate up to higher lu‘qllt'lll'it?-'. To increase the accurateness of the whitebox model some tests
are performed with a time domain optimization algorithm. This can be extended in future for
better results. The blackbox model only has a bad low-frequent phase for the non-diagonal tenns.
Using the whitebox model a simulation model is made. With this model time-simulations of the
system ¢an be performed with different controllers to check the controllers before implementing
them.

-

3
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To enable controlling using two SISO-controllers, the svstem is do oupled. Different wavs to
deconple the system are tested and finally & method that uses the inverse transfer function of the
system in a certain frequency range is chosen. In this way the best decoupling is achieved between
20 Hz and 100 Hz, the bandwidil of the system.

Controller

The final controller does not meet its demands, Oune of the demands was to decrease the dy-
namical position error to £1ppm. With the final controller this error s still £4.5m and +6pm
fOr respuy tively the left and right controller. Some i.’llE:!i-\l':lu nts have to be made to the svstein
before the controller ¢an be Hiﬂ'illli/t'i] further., The [hnil ion sensors still have an acocuracy of
1.3, which needs improvement before the position error can be decrensed. Furthermore. some
non-linear high-frequent resonances in the system need to be suppressed before the coutroller gain
can be increased

A toolbox is made for the design of a MIMO-controller for this svstem, transfer this controller
to a discrete controller, load the controller to the actual svstem and test the uploaded controller.
'I .lll‘\ \Iilllllnh'h l{l'."i:'flillig ;lll-i testing new Ham:u”r!r- An HNProvenent whie h have to be m;\il"
in the C-code. is changing the fixed-point operations of the online controller to Hoating point
operations. The parameters of the current controller overflow if reasonably complicated controllers
are implemented.

5.2 Recommendations
Calibration

T'o improve the aceuraey of the system, the disturbances should be decreased. The measurement
noise needs to be decreased below =1pm before the position error ean be decreased to this point.
The drive of the drums ean also be ilil}l!u\'l‘ll. decreasing the disturbances the controller needs
to reject, A last reconunendation is to attach the DIP-drum to the test frame sinee that would
make the test frame more realistic and some new system characteristics will be added and to see
it additional damping to the elastic hinges ean be added.

System identification

A parameter optimisation of the whitebox parameters nsing time domain signals and information
may result in a better approach of the exact parameter values. The simulation model is not used
a lot because the tools to upload and test the designed controllers directly are very easy in use.
But for further study the model ean be of good help in the controller design process.

The decoupling of the foree and momentum to the radial displacement and rotation of the
DIP-knife is not used in the controller design. Tt is however implemented in the C-code and
some measurements with this decoupling have been performed. Probably a good controller can
be designed using this decoupling as well, which should be tested.

Controller

For more extensive controller design, the nse of floating point operations instead of the enrrent
nsed fixed point integers, is required. Otherwise the parameters of the controllers will become too

large to be implemented.
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Appendix A

Variables

Table A.l Fives all overview ir!. the variables and parameters of TJLI' svsten I'a!ll_\ the values are

taken from literature (1, 2 amnd 3. but most of them are checked and measured again llfltl!i: the

calibration and identification of the svstem

Var Unit Variable name Value
Froame
Py o kg mass of the [DMP-knife 1.2
My s kg ma=s of the DIP-drum 11}
Vouervot] act wataors
Mt ko I the "L T (L35, sa i of Lthe 001150
P "l g
4 r of winding= i tl 110 4
dart " dinmeter of wire nzed for the windings N s (1)
aad N/A| volercoll actustor constam 114
N PW A na
Raie 19 resistance of the eail 12,0
i stiffness of the transmission. the connecting part and the lever 20,107
stitfness of the extra himge in the sandwich construction of the complets R [
hings
totn] stiffness ot the input of the hing 3410
total stiffness with the compensating magnt (L [
ky | N S| stiflness perpendicular o n sin Winge (in ease of Che sandwich con 13-
structed hinge this stiffness incveases 100 Limes
ki | N Jan) b il T r U L
K, IN /] sLilToe of the hinge 16 10!
' 1<) FPransmission proporbion
[ N /o) ping in the hing |
Captienl wensen
“ALED nm waverhongth of the (red) LED-Light L% 4]
Vi V] vutput voltage, which s vaniable by By g 1.0 —4.0
] \ 4 5.0
Ri¢ AL} stor of the LED IR L)
L7 V/mm] mean Sensol constan 6,7 - 10
i Vi/im TIH A .||||;lh-'-| ation 130
Control output: wy SWPW AL - IT PW M limited betworn TO0%I—29 \ and 1DOSE(2A Y anil therofore w,
limited between — 1500 en 1500, Mickers [3]: %PWAL 0,0372 N, but measwrements showed: % PW AL 0,0279 N

lelt ) and 00299 N (vight

Fable A.1: Variables and parameters of the test frame: measured and taken from literature




Appendix B

Whitebox model

In figure B.1 the 3D-whitebox model of the system designed in seetion 3.3 is shown. An overview of
the nsed parameters and the result of their optimisation is given in table B.1 (see also section 3.3.2).
I'he inputs and outputs of the system are the forces Fy and F; respectively the displacements xy
and r= of the left and rieht voicecoil actuator.
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Fugure B. 1: Overview of the 3D-whitebox model as desioned in section 3.3,

The !I‘_“\:EITiEl'.:‘ et NS are:

In x-direction

Mporsi fo * T2 Eocid *2a k- Racen= 28) 47 s (Borid * Bt 4 Dargs = T
{4 A g+ | . A ] & Dacta + B
Dot + 0, 1 kogy + A re (b..s+ b ¥ (B.1
mn 1 | } ¢ I'a I 2 ; 1 i ". I s + _!{ .,. ]
bycty » 34+ Fy (B.2)
Mge I "...r. L2y L/2 Isy) 1‘_,., I b ] ff_-—.!’ 2« %)
baets - &5 + Fa (B.3)
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My =iy = —(kpe + Ky a4 T Ross) - g [".J.r., + b, w4+ boss) - i+ (k. &4 -+ Kosryvoe
"’3 ' “r"ur.fi e Jlr\‘ur.f.'..] J B R | ”’1 g4 T hf 55 1 ,f-.', * [hnu t4 t'lJ,“ f-_-)] ! !.f HEE
FEstoors — & Racta = 0 = 1% Kaats * @5 — 14 Bagea * 4 — ¥4 bppts 105 (B.4)
In y-direetion:
@y = —Ruy B~y By — By ~ B — i Bcn+-Kasis) oy
": ' {I!jul {5} -+ hu. r.‘.} s 'l_’ f“-r:'ﬂ'l ? 'III Jl' A‘ur'f-_- R R h.u-.rl . -rl } hur-r.‘. g {11"—'}

In d-direction with x5 =2/(i - L) - (xq — 25 ):

»

Jinigerds = —L7[4 - ((kest + Fess) +1° + (Kacts + Kaers)) = a3 — L[4+ ((Bust + boss) v+

Fit = (Baeta + baets)) - g — Kaets + 5) v

FL/2 i (buen - B4

Var. Unit Variable name Value 1 Value 2

Creneral variables

i -] sealing in the joim 5
I m] axial length of the DHP-knife .42
d  jm] offset between the DIP-knife and the DIP-drum. measored at the
actuator sides of the hinges
Fi.z |N] contraller forees
Fysiwa |N] Joint forees m x- and y-direction
.\]"l‘-\"-il"i
iy |k mass of the DIP-druwm and the hoosing 7.0 —14.4
M fe |kl mass of the DP-knife 1,2 1,65
Maerd [yl mass af Lhe left voicecoil actuator 0,053 0.014
et kol mass af the tight voicecoil actuator 0.0 0.014
Tiwife |.R-.rul"| inertin of the DIP-knife 002 (.05
StifTnesses
[ IN /| stiflness in the suspension of the housing in x-direction ao07 7410
Kby [V in] stilToess in the suspension of the housing in y-direetion 307 —84.5. 10"
Keas | N | torsional stiffness of the left elastic joint {the DIP-dram or housing 5101 1.8 101
are presumed to be torsional G and not of importance for this
situation)
Ky am | N ] torsiomal stiffness of the right elastic joint - 10! 12108
Kavta [N/ stillness of the left actuntor and the sagging of the joint (as seen 956 . 101 RIS [
from the side of the actuator)
Kacin | N/ | stiffness of the vight actuator 2.3 10! 806107
Dampers
bpe | N s/ | damping in the suspension of the housing in s-direction 1 =177
by | N s /| damping in the suspension of the housing in y-direction 1030 570
B o IN=/m] torsionnl damping of the left eolastic joint . 10% —94.4
[ |Ns/im| torsional daniping of the vight vlastic joint 1.2 - 1p® 1042
| A | N &/ damping of the left actustor amd Che joint (as seen from the side 0,02 N2
of the actuator)
boen |N s/ m] daraping of the vight actnator and the joint (.03 0047
Srates
ry E displacement of the DIP-choam and the honsing in s-divection
I || displacement of the DIP-knife
iy reed] votation of the DP-kmfe
rq i) displacement of the left voice coil actunton
ry, || displacement of the vight voice coil actunton
e [rne] displacement of the DIP-dram and the housing in yedirection

Table B.f: Parameters used in the whitebox model with their values resulting from optimisation in the
frequency domain by hand, using the physical nupact of the parameters, (Value 1) and the bailt-in Matlab
minimization algorithm freans (Value 2).




Appendix C

H-control

The possibilities of robust control, H. [8]. have been examined sinee this technique is especially
good with MIMO-control problems and model uncertainties. In this case a controller has to be
designed for a test frame, which has to be implemented in many other svstems and therefore svstem
variations and uncertainties will be present. Other control techniques such as MPC are too slow
for this specific problem and therefore in this appendix the start of the design of a H.-controller

is deseribed.

C.1 H. - Augmented plant

To start with robust controller design. the problem has to be defined as an augmented plant with
exogenons and control inputs and measured outputs and outputs to be controlled. The latter in-
and outputs are connected to the controller, which is the only block besides the angmented plant
(see ipure C. 1),

contral inputs conrol outputs

@—. exogenous Inputs measured oulpuls —@
W i
! ¥

H_augmented

H—inf controlle:

Figure €. 1: Setup of the Ho-control problem

In this case the exogenous inputs are the shaped setpoints §; and 8, and the shaped disturbance
forces dy and dy. The control inputs are the outputs of the controller K{s) uy and ty. The outputs
to be controlled are the weighted errors §; — yy and 5, — o and the weighted control offorts iy
and iiz. As measured outputs the errors are nsed. To shape the inputs and weight the outputs.
shape and weighting filters are used.

C.2 Weighting and shape filters

Using the augmented plant and assuming the same conditions hold for the left and right side of
the system concerning the demands to the inputs and outputs, 4 filters have to be designed: We,

il
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W, Vs and Vi, respectively an output weighting filter for the cerror and the control effort and
an input shape-filter for the setpoint and the disturbance signals. Per filter, the design of it will
be explained briefly. For the origin of the controller demands, see section 4.1.2, for simplicity the
bandwith is taken 100 Hz.

We Weighting filter for the error. the difference between the setpoint signal and the real output
of the system =» this has to be a lowpass filter becanse errors up to 100 Hz have to be
compensated. A maximum error of 2- 107 m has to be compensated between 0 Hz and the
bandwith of 100 Hz. At the actuator a gain of 20-log 1/(5-2-107") m = 80 dB is needed.
To make the filter proper and limit the high-frequent gain, a zero is placed at 100 - bandwith.

W

weighting filter for the control effort, the input of the plant / output of the controller
= to avoid saturation, a highpass filter is needed. The maximum input of the plant is
0.028 N/PWMY, - 80 PWMY% = 2.2 N. Up to 100 Hz this has to be the maximum the cou-
troller may ask of the actuators to avoid saturation. So a gain of 20-log1/2.2 = —7.dB is
needed. Besides a pole at 100 - bandwith is placed to make the filter proper,

Vs setpoint shape filter = a lowpass filter is required because the setpoints will have a frequency

up to 3 Hz. A maximmm amplitude of 1.5-107% m gives a lowpass gain of 20-log 1.5 - 10~ mn =

56 dB. Above this 3 Hz there will be no setpoint signal so a zero at 100 - 3 Hz = 300 Hz
completes this filter.

Vd disturbances shape filter = a lowpass filter is required because up to 100 Hz disturbances are
present. Besides, 90% of the effects of a step in the input has to be compensated within
10 ms. So a lowpass gain or amplitude of 20 - log 90% - 1.5 - 107 m = —57 B is wanted. A
zero at 100 - bandwith completes the filter.

A highpass shape-filter to deseribe the measurement noise can be added as well. but this was
not implemented yvet. If the measurenent noise is stated to be at maximum 5% of the input sigual,
a gain of 20 - logh% - 1.5 - 107% m = —82 dB above 100 Hz would be a possible shape-filter.

Using the Matlab built-in tool zp2sys(zeros.poles.guin) the first design of the filters is made.
The results are shown in figure C.2.

C.3 Results

Using the designed filters and a good model of the system, blackbox or whitebox, and with the help
of the lmi- and Mutools-toolboxes a robust controller can be designed. The order of the resulting
H .-controller depends on the order of the model and the used weighting and shape-filters. Tn this
case the model is of reasonably high order so a reduced model of the system has to be nsed as
a result of which characteristic resonances have to be ignored and the controller may not be the
optimal.

I the design process of the controller, the parameter g is optimized, This parameter indicates
if the demands to the coutroller. initiated by the design of the filters, about performance and
robustuess can be united in 1 controller. The optimization algorithm searches for a stable controller
and next determines every stable controller in the neighborhood of this first controller. Via an
optimization algoritlim the solution converges to the optimal controller for the stated problem,
If ¢ is just a little smaller than 1, a good controller is found. If this value is not reached, the
demands concerning the performance and robustness of the controller have to be reviewed.

To determine the bottleneck of the problem. the closed-loop responses can be compared and the
mixed sensitivity caleulated. With these results. the right filters can be softened or strengthened,
optimized and a new controller can be calculated. By repeating this process several times, an
optimal g for the stated problem is found.

In this case a reduced model of the system had to be used because the blackbox and whitebox
model were of too high order. A controller with a g of about 20 was found, but the caleulated
controllers could nog be optimized furthermore because the controller still was of too high order
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Figure I'he werghiting and shape-hlters for the Ho-controller with a bandwith of 100 11z

and the mixed sensitivity for example could not be ealeulated. Reducing the order of the maodel
furt hermore would have resulted in a bad controller in any case and therefore the design of the

H .-controller was stopped at this point.




Appendix D

Supporting Matlab-tools

In this appendix only the most general tools [11] are listed that can be of use in further studies of
the system and its control problem. Some of them will have Duteh comments.

D.1 Calibration

equalize_springs.m equalization of the stitffnesses of the hinges, antomatically uploading the
correction factors (makes use of seroread_fifo_es.m)
leastsquares.m a least squares fit of desired order is calenlated to compensate for the
S-shape in the position sensor output (first run ser_read_fifo.m using the
sawtooth signal as input)
Some other files and figures are included. which have been used to ealibrate and caleulate the
variots parts and variables of the system. They are all based on previously performed measure-
ments and therefore can just be used to see the way the caleulations are performed. Besides the
resttlting values are only ealeulated once for further use in the identification of the svstem.

D.2 System Identification

disturbance identification

inputid_cumsun.m identification of the disturbances using the cumulative error (mmakes use
of metinput 0000 mat, metinput20000.mat and zondevinput.mat)
inputid.m identification of the disturbances (makes use of  whitebor_model,

feeder_ruis.mat and zonderinput)

modelling

measwrements_nd.mat  non-decoupled frequency domain measurement data

Heasureme m‘a_d’. mat ||t'l'u11p|l‘-| fI't'qlJt'iu‘\' 4|\=I|miu measurenuent ll:lt;\

whiteboa_model.m whitebox model in differentinl and statespace form. including the
optimised parameter values (makes use of measurements_nd.mat and
X_mins.mat)

blackbor_model.mat non-decoupled blackbox model

rr.'urf-f-\_.'.r-' f'lilll!).’*\l'i:‘”!i ]11'[\\'1‘1'1] {Ill‘ '\\'!1"(‘!:1-_\: .llnl iul.‘u ]-I]n'.\' !|||||i|-l,~< .'\Iui Tiu e~
surement data (makes use of measurements_nd.mat. whitebor_maodel.m
and blackbor_model. mat)

DEMO_modes. DEMO in which the eigenmodes resulting from the whitebox model are
shown, see section D.3 (makes use of DEMO) _teken, DEMO _trans. states-

pacein IN'!'I' f’_ nsymn.m )
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decoupling
align.m real alignment
decouple.m to decouple a 2x2 system: over a frequency range using align.m or

from F and M to py and 5 (makes use of measurements_nd.mat., black-
hor_modelmat, MCD-toolbox and align.m)

D.3 Controller and test frame control

Controller

MCD tool for MIMO-Controller Design, see section D.4

load_controller.m to upload or reset the decoupling (force-momentum to @y and @5 or user
defined) and to upload or reset a controller (user defined or from the
MCD-toolbox) (makes use of ser2_init)

test_controller.m to test whether an uploaded controller is uploaded ok. becanse er-
rors may occur through the use of fixed point integers (makes use of
ser_read_fifo_contr and ser2.init)

HupsaK.m design of the Ho-confroller (makes use of HupsaF.m)

HupsaF.m design of the weighting and shape filters of the H..-controller

tiredsens.mn caleulation of the mixed sensitivity of the used Ho.-problem

Test frame control
dsp_trans.m calculation of the 4 responses of the system after a test with a noise-
alike signal has been performed (makes use of the uploaded controller
variables nuwm. den)

ser2_init.m initialisation of the COM2 gate after the C-code has been uploaded To
casy the control of the system using Matlab: ce.m and elearall.mn

ser_read_fifo.m standard inputs for the system and processing of the output signals: a
sawtooth, noise-alike, stairease, ete (see the users manual [12])

DEMO.m DEMO interface, to perform some simple coutrol actions (makes

nse  of DEMO_serreadfifo.m. DEMO_teken. DEMO_trans. states-
pace_model_nsym.m)

DEMO_modes.m DEMQO in which the ecigenmodes resulting from the whitebox
model are shown (makes use of DEMO_teken. DEMO_trans. states-
pace_maodel_nsym.m)

D.4 Toolbox

e To easy working with more responses at a time. 3D-matrices are useful. Therefore some tools to work
quickly with 3D-matrices and cells are designed: dot2D.m. eyedD.m. inviD.m. makedD.m. stari?D.m,
meansD.m. array2eelliD.om. cellZarraysD.om.

e To design multiple SISO-controllers for a MIMO-problem, a diet-alike tool is designed for NIMO-
problems: MCD.m (see section D3,

e To caleulate and simulate simple diserete controllers, some functions that converse continu-
ous controllers in a easy way to discrete controllers are designed:  function.m. LW_function.m.
LW2 function.m. noteh_function.m. PD_function.m.

e Some other tools to easy and quicken working with Matlab are designed: even.m. gfplot.m. hplot.m.
hplotiadedit.m. sys2H.m.




