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Summary

Lenstop vibrations are a limiting factor in the achieved accuracy of the projection within ASML
wafer scanners. In this report a controller is designed to damp these vibrations with the existing
airmount system as actuator and accelerometers located at the lenstop as sensors. Especially
lenstop vibrations in the frequency area of 50-110 Hz contribute to the reticle stage position
error. Consequently the design aim is to damp the vibrations in this area.

The used sensors have a high noise level compared with the occurring lenstop acceleration, but
this level is low enough to use the sensors for measuring acceleration in the targeted frequency
area. The use of the airmount system as actuator can not disturb the vibration isolation function
of this system. This requirement is complied with by restricting the actuation signal to
frequencies that are not used for the vibration isolation function.

The process between the actuating system and sensors is very complex. Frequency response
function measurements show a highly entangled process, the presence of non-minimum phase
zeros and unavoidable cross-talk. Limitations on performance follow directly from modeling
errors that can not be avoided because of the process complexity. Performance restrictions are
also imposed by the non-minimum phase zeros.

Three controller design methods are tried out. It quickly becomes clear that simple proportional
design can not cope with the process complexity. With the LQG controller design method it is

not possible to suppress certain resonance frequencies considerably while effectively restricting
performance deterioration at other frequencies. The Hoo design method with the proper
augmented plant setup does provide this possibility. An augmented plant that leads to a mixed-
sensitivity design is not suitable, because this design causes pole-zero cancellations which
provide bad robustness properties. Using an augmented plant that leads to a four-block problem _
prevents these cancellations and an acceptable controller can be obtained. S

With the Hoo design method a controller is designed that provides substantial damping of
lenstop vibrations. Implementation of the controller shows a considerable reduction of lenstop
acceleration and reticle stage position error in a production situation. ﬂ/

This report shows that it is feasible to damp lenstop vibrations with the use of the airmount
system. Stability robustness could not be guaranteed and is left to be researched when it is
intended to apply a similar control system in a wafer scanner.

i Active damping of lenstop vibrations
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1. Introduction

This Master of Science thesis covers the research that has been carried out by the author at ASM
Lithography (ASML), to graduate as an electrical engineer at the Eindhoven University of
Technology. In this chapter first a short description of the company ASML is given. After that
the research assignment will be explained. In the last section the structure of this report is
outlined.

1.1 ASML Background

ASML develops and manufactures photolithographic systems for the semiconductor industry.
Photolithography is the technology which makes it possible to put complex patterns on so-called
wafers and is essential for the fabrication of integrated circuits.

A photolithographic system for semiconductor production contains a variety of complex
components, including an illumination source, a reduction lens, precise alignment and staging
subsystems, and reticle (mask) and wafer-transfer robotics. All of these components are
integrated into a sophisticated and complex system known as a wafer stepper or a Step&Scan
system.

The name wafer stepper is derived from the fact that it makes an exposure of a circuit pattern on
the wafer, then ‘steps’ to the next area of the wafer and repeats the process until the circuit
pattern is ‘printed’ across the wafer’s surface in an array of dies, which will become individual,
finished chips.

The Step&Scan system is a more recent developed product of ASML. The die surface needed
for chips increased because of the development of more advanced integrated circuits. It is hard
and expensive to construct a lens with a large accurate projection area. At the Step&Scan
systems the reticle stage and wafer stage make a scanning movement (in opposite direction). As
a consequence only a small slice of the lens has to be very accurate. Another advantage is that
throughput, a very important property for photolithographic systems, of the Step&Scan system
is greater than that of the wafer stepper. Figure 1 shows a picture of a Step&Scan system. With
these systems linewidths of 0.15 um (1/500 of the thickness of a human hair) can be reached.
The rest of the report is applicable to the Step&Scan systems and they will simply be called
wafer scanners or scanners.

Figure 1: ASML Step and Scan system

Active damping of lenstop vibrations 1
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ASML was founded in 1984 and nowadays is second in the world market of producers of wafer
steppers and scanners. ASML has around 3500 employees and offices in Europe, Asia and the
United States. Its headquarters are in Veldhoven, the Netherlands.

1.2 Research assignment: damping of lenstop vibrations 0
Accuracy is essential for the photolithographic process. At the moment lens vibrations are é) S&%\
limiting factor in the achieved accuracy of the projection within the scanner. To limit the

influence of the lens vibrations these vibrations are measured at the top of the lens with
accelerometers and the acquired signal is used in a feedforward loop for the reticle stage that has
to follow the lens. The position of the lens and reticle stage in the scanner can be seen in figure

1. Because this solution is not totally satisfying other additional solutions are researched. One
possible additional solution is to actively damp the lens vibrations to decrease their influence.

The research assignment was to design the optimal controller to damp the vibrations at the top
of the lens. Preconditions and thus design restrictions were that the used actuator is the so-called
airmount-system and that the used sensors are the mentioned accelerometers. The controller has
to be optimized for one scanner type, the PAS5500/800. A drawback was that during the
research a scanner of this type did not exist up to halfway the research period and the available
measurement time was very scarce. Therefore it was necessary to make some deductions from
another machine type, the PAS5500/500, and assume similarity with the /800.

Figure 2 shows the scheme of the control system that has to be designed. It is obvious that,
because the lenstop vibrations have to be damped, the reference value of the lenstop
acceleration is zero.

Disturbance:
Excited lens
vibrations

Actuator Process

Lenstop Mainplate +
acceleration Controller Rlrmoumn —+’(2>—a&a'f;::$ (xy)

+
setpoint (=0) system ieris

Sensor
[ peE—
Accelerometers *

Figure 2: Control loop to be designed

1.3 Outline

The outline of this report coincides much with the layout depicted in figure 2. In chapter 2 the
disturbance that needs to be damped will be described. After that the design restrictions, these
are the sensor and actuator, will be discussed in chapter 3. Chapter 4 treats the process, i.e. the
response of the mainplate with lens to actuation. The process will be measured, modeled and
performance restrictions that result from the process will be outlined. Chapter 5 is the main
chapter of this report, as it discusses the controller design, including simulation results. In
chapter 6 the controller implementation results are shown. Finally, chapter 7 contains
conclusions and recommendations.

2 Active damping of lenstop vibrations



2. Disturbance: Lenstop vibrations

2 e

This chapter discusses the disturbance, i.e. the lenstop vibrations, that ha} to be damped. First is
explained what causes these vibrations and in which frequency area they occur. After that is
discussed which lenstop vibrations are the most important to be damped.

2.1 Resonances

Figure 3 shows an illustration of the layout of the scanner. The location of the lens, airmounts
and sensors are depicted. The sensor and airmount system are discussed in the next chapter.

lumination

accelerometers

= airmount
system

Figure 3: PAS5500 body

Lens vibrations are the result of resonances in the scanner. These resonances can be caused by
acoustics, a fan for temperature control etc., but are especially excited by movements in the
scanner, e.g. movement of the wafer stage and reticle stage (RS). To be able to design an
appropriate controller, it is necessary to know the shape of these resonances. Interesting to know

are the resonance modes concerning movement, frequency and the resulting amplitude at the L o

lenstop.

Measurements have been done to determine the lenstop vibrations, on a /500 and system,
with the use of the sensors that were depicted in figure 3. Table 1 shows the measurement
situations, the system type, the root mean square (RMS) values of the measured lenstop
acceleration and the figures where a power spectrum density (PSD) plot of the measured
acceleration can be found. These figures can be found in appendix A. The RMS values and PSD
plots result from the mean values that were taken from 15 tracefiles in each situation.

ot
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With the ‘Rx and Ry white noise situation’ is meant that existing PAS 5500 software was used
to inject noise on the airmounts Lorenz motors (see next chapter) in a rotation direction around
the X (Rx) and Y (Ry) axis. The coordinate system will be depicted in the next chapter. Note
that in these artificially exited experiments, the white noise disturbance is effected by the
airmount system, while in actual operation (run of a job) the lens is excited especially by the
moving stages both at the bottom and at the top. The lenstop acceleration (LA) is measured with
two accelerometers, one measures the acceleration in X and one in Y direction.

Table 1: Measurement results of lenstop acceleration

Situation Scanner type LA RMS value (mm/s?) Figure

X Y Appendix B
rest” /500 2.39 2.76 Al
Rx and Ry white noise /500 4.75 7.23 A2
Run of a job ? /500 5.09 6.83 A3
Rx and Ry white noise /800 6.20 5.87 A4

Although this is a rest situation, lenstop vibrations are still present due to acoustics and
temperature control.

This is the most important situation. This will give an impression of lenstop vibrations in a
production situation. Implementing a damper for lenstop vibrations has eventually to lead to
a better performance in the production situation.

2)

The RMS values will be used to calculate a performance improvement percentage that will be
obtained with designed controllers. The PSD plots from appendix A are very useful for
recognition of the resonance frequencies and derivation which resonances are the most
important to be damped. Table 2 and 3 show the resonance frequencies (with the direction in
which they occur between brackets) of respectively the /500 and /800 system that stand out
clearly in the PSD plots of appendix A. Probable causes have been denoted also.

Table 2: Resonance frequencies of lenstop vibrations of /500

Frequency [Hz] Probable Cause

52.5(Y), 562 (X and Y), 59.2 (X) Z-frame" leafsprings twisting modes
73.2(Y) Z-frame leafsprings bending mode
95.2 (X) Rigid body movement lens

989 (Xand Y), 100.1 Xand Y) Other lens modes

107.4 (Y) Eigenmode of sensorplate

" Frame on which the reticle stage is mounted.

Table 3: Resonance frequencies of lenstop vibrations of /800

Frequency [Hz] Probable Cause

69.0 (Y) Z-frame leafsprings bending mode
769 (X and Y) Other Z-frame mode

842 (X and Y), 89 (Y) Rigid body movements lens

102 (Y) Eigenmode of sensorplate

2.2 Resulting RS position error

The question remains which are the most important resonance frequencies to damp. One has to
keep in mind that lenstop displacement is the disturbance factor when producing, and not
lenstop acceleration. Acceleration at frequency f has to be multiplied with a factor (1/2nf) 2to
obtain the displacement at that frequency. It can easily be noticed that low frequency lenstop

4 Active damping of lenstop vibrations
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acceleration will have an excessive lenstop displacement compared with higher frequency
accelerations. This would mean that the high frequency lenstop accelerations could be ignored.
However, the reticle stage position error is the real limiting precision factor when producing.
This position error is measured and controlled relative to the lens position. The controller is
very well able to reject low frequency disturbance (in this case lenstop displacement) up to
around 20 Hz, which would mean that low frequency lenstop accelerations could be ignored.
The previous shows that some measurements and/or calculations are needed to determine which
resonance frequencies have the most influence on the RS position error, and thus are the most
interesting to damp.

The control loop concerning this problem can be seen in figure 4. The controller in the figure
consists of a PID-controller, a second-order low-pass filter and a first order low pass filter. The
controller also consists of a few notch-filters but they can be ignored for convenience, because
the notches are placed at frequencies well above the area of interest. This leads to the following
transfer function for the controller:

C<S)=Kp-<1+23 +y (y 2—Say(ay

o, s 2, 21, 21,

Lens
Acceleration

Position
Setpoint

Figure 4: RS position control loop, simplified

The present solution for reducing the lenstop acceleration influence with use of the
accelerometers, the lenstop acceleration feedforward is not depicted and left out in this
derivation. Both X- and Y-directions are controlled with separate controllers and have their own
parameters. The parameters of proto1/500 (the /500 machine on which measurements took
place) differ slightly from the parameters on production machines. In this case the parameters
used on proto1/500 are taken. These parameters can be seen in table 4. In figure 4 the parameter
m represents the mass of the reticle stage which is 10 kg.

Table 4:Proto1/500 RS controller parameters

Parameters | X-direction Y-direction
K, 2e6 4.5¢6
fi 30 50
fy 45 70
f 1250 1250
b 0.5 0.5
f, 500 1250

The sensitivity of the RS position error to lenstop acceleration was calculated using figure 5 and
the given transfer function of the controller. It was found out that a delay was present that could
not be ignored, and therefore the delay can be seen in the sensitivity loop. This delay consists of
0.5 sample time because of the zero-order-hold of the digitally implemented controller and an

Active damping of lenstop vibrations S
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I/O delay of 0.3 sample time. The sample time is 0.4 ms because the controller operates at 2500
Hz. The magnitude of the calculated sensitivities can be seen in figure 6.

<1 RS
Lens - » Position
Acceleration | Error

Ums’ [¢—{ delay o—| Cle)

Figure 5: Sensitivity loop with delay
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Figure 6: RS position error sensitivity to lenstop acceleration

The calculated sensitivities were used to calculate the RS position error that results from
measured lenstop acceleration, according to the followi% formula:
e

1

T W %

PE,(f)=|S(j27)| - LA(S) ‘%,,g : e AN
ho el

PE, = calculated position error in [m*/Hz]
LA = lens acceleration in [(m/s®)*/Hz)

In the second and third situation indicated in table 1, the RS position error was also measured.
Figure 7 shows the measured and calculated RS position error PSD in these situations. It can be
seen that the measured RS position error matches the calculated RS position error rather well.
Therefore it can be concluded that indeed the lenstop acceleration that is measured, causes the
RS position error and thus can be used in a controller for performance improvement. This was
expected, but what is more important, is that we now can deduct from the RS position error
PSD-s which resonance frequencies are the most important to be damped.

It can be concluded that although low frequency lenstop accelerations will lead to much more
lenstop displacement, they can be ignored, because they do not lead to a considerable RS
position error. This follows from the sensitivity functions (figure 6) and is confirmed by RS
position error calculations and measurements (figure 7). These last measurements and
measurements of the lenstop acceleration show that the most important resonance frequencies to
focus on are around 55 and 95Hz in X-direction and 55, 73, 100 and 107Hz in Y-direction. We

6 Active damping of lenstop vibrations
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broaden this by saying that the frequency area in which the performance has to be improved is
the 50-110 Hz area. Although this was deducted from a /500 machine, it is assumed that this
frequency area holds for a /800 machine, despite slight differences in the RS controller
parameters and a few resonance frequencies. Although in table 3 no resonance frequencies
could be seen for the /800 in the 50-60 Hz area, they are present. These resonances are excited
especially during a job, of which no measurement data was available for the /800.

<107 RS position error during noise x 10" RS position eror during job
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Figure 7: Measured and calculated RS position error PSD-s

To give an impression of the degree of complexity of the problem the following comparison can
be made. The amplitude of the RS position error is up to 0.1 um. The height of the lens is
around 1 meter. The airmount system that is used as an actuator to damp the lenstop vibrations
is located at the bottom of the lens. So, damping the lenstop vibrations with this system can be
compared with damping 10 um vibration amplitudes of a 100 meter high building from below;/%

ot
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3. Design restrictions: Sensor and Actuator

As mentioned in the introduction, there were some preconditions for the control loop that had to
be designed. The used sensors had to be the accelerometers mounted on the lenstop. The so-
called airmount system had to be used as actuator. In this chapter first the specifications of the
accelerometers will be treated. After that an explanation about the airmount-system will be
given. Recall figure 3 of the previous chapter for the location of the lens, the airmounts and the
accelerometers.

3.1 Accelerometers

The accelerometers are mounted on the top of the lens of the scanner. One accelerometer
measures the acceleration of the lenstop in X-direction and one accelerometer measures the
acceleration in Y-direction. In the next section these directions will be specified. At the PAS
5500 systems the accelerometers used are of the type FA 201-15 from J&M instruments. Such
an accelerometer compromises a micromachined silicon structure whose Wheatstone bridge
format piezoresistors change their value proportionally to the acceleration applied. The
bandwidth of this sensor is around 1200 Hz, which is abundantly sufficient when it is used in a
C;gml loop that has to be active up to 110 Hz. The phase shift of the sensor at 110 Hz is around
7

grees.

The sensor noise of the used type of accelerometers has been measured within ASML, the
results of these measurements can be seen in figure 8. The same figure also shows the measured
PSD-s of the lenstop acceleration, with Rx and Ry noise on the /800. It can be seen that the
noise level is rather high compared with the measured acceleration level. In a rest situation this

Comparison of sensor noise with measured acceleration
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Figure 8: Comparison sensor noise with measured acceleration
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will be worse. Furthermore it is kaown that the noise level fluctuates heavily per sensor. The
RMS value of the noise is around 1.1 mm/s2, which is high when compared with the
measurements from table 1.

An interface between the sensor and the sensor board, called Feed Forward Acceleration Sensor
(FFAS), has been developed by ASML. This interface has the function to amplify and filter the
sensor output signal, for instance to filter out the dc offset. It is sufficient to note that the
bandwidth of the interface exceeds the bandwidth of the accelerometer, and therefore does not
cause a restriction.

3.2 The airmount-system

The airmount (AM)-system is an active vibration isolation system with which the ASML
scanners are equipped. It was developed by ASML in close co-operation with a German
company, L.D.E. GmbH. The airmount system is built in the scanner between the baseframe and
the mainplate. The baseframe is the frame under the scanner on which all parts that are fixed to
the real world are mounted. The mainplate is the part of the machine that is suspended and that
contains all the critical assemblies of the scanner that must be kept at low acceleration levels,
specified below 1 mm/s’.

This gives the vibration isolation system two functions:
1. Isolate the vibrations on the mainplate.
2. Keep the mainplate with all its subsystems in a fixed position relative to the base frame.

Figure 9 shows a simplified front and top view of the scanner and also contains a coordinate
system, which will be referred to in the rest of this report. It can be seen that the airmount-
system exist of three airmounts, positioned at the corners of the triangular mainplate.

top view front view

baseframe accfleromeiers

a

mainplate on lens
op of baseframe

mainplate

AM1 b \ / AM3

baseframe

Figure 9:Simplified top and front view of scanner

A thorough explanation of the AM-system will not be given, because it is not the topic of this
research. What is important to know, is that each airmount among other devices is equipped
with two Lorentz-motors. One motor actuates a force in z-direction and one motor actuates a
force in tangential direction. These motors are the actuators that have been used to excite the

(]
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lens artificially by white noise (see chapter 2) and will be used to damp the lens vibrations, by
injection of an additional control signal in the corresponding power amplifiers. It is obvious that
this additional injection can not disturb the vibration isolation system. Because the highest
bandwidth of the loops in the airmount system is around 2 Hz, this requirement can be complied
with by making sure that the additional injection signal only exist in a higher frequency area,
e.g. above 5 Hz. In this way a separate actuation system can be obtained. This method is

depicted in figure 10. M

> Pnewnatic control foop
Positionioop z-direction H N
Pressureloop e Alrvotume
§ s L: Pseudo-pressureloop i i
aponis Up to 160 mHz E i -h
i Airm ¢ Position &
mouni E Mainplate » velocity
system sensors
s A 6
?Ef?ﬁff_‘ﬁ Electrical controf foop Lorentz +
Positionloop T-direction m::::'
Velocity-loop ¥
Y Bandwidth 2 Hz pows
Additional Lensto
Injection Lens lmhrlson
Signals
>5 Hz
Controlier
to be Accel le
designed gl

Figure 10: Additional signal injection in airmount system

When using the airmount system in this way, it is possible to excite the mainplate in numerous
ways. The six Lorentz motors can be actuated in different proportions to obtain different
actuation directions. It is desired to obtain six degrees of freedom (DOF) accurate actuating
directions: translations in X, Y and Z direction and rotations around the X, Y and Z-axis
(pointed out as X, Y, Z, Rx, Ry and Rz respectively). The reason for this intention is that when
there is no cross-talk in the system, each accurate actuating direction will only cause lenstop
acceleration in at most one measured direction, X or Y. This would mean that the design of a
controller would be less difficult, 9_\

The above is emphasized because it is not very easy to obtain these accurate actuating directions
with the six Lorentz-motors. Figure 11 shows the important geometry of the actuating system.
The coordinate system is the same as in figure 9. The origin, which lies in the geometric center
of the triangle, is the place where the lens is located along the z-axis.

When the center of mass of the mainplate with the lens is located in the origin, it can easily be
calculated in which proportion the airmounts have to be actuated to obtain accurate actuating
directions. But, the center of mass is not located in the origin. It is known that its location in the
2-dimensional plane is fixed at approximately [0,100 mm]. This means that when actuating the
Lorentz-motors in the proportion calculated when one does not comply with this shift of the
mass-center, that clear actuating directions will not be obtained. There will be some cross-talk
and for instance actuation in Rx direction will also cause a (smaller) Z-translation and Ry-
rotation. It should be noted that ASML airmount software does not take this shift of the mass
center into account.

Active damping of lenstop vibrations 11
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Y iy AM3
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Figure 11: Geometry of the actuation system

It was not possible to calculate the correct actuating proportions, because inertias of the machine
were not known. That is why the proportions were obtained experimentally. This was done by
individually adjusting the gain of the input voltages of the power amplifiers of the Lorentz- -
motors and measuring the displacement of the airmounts, with the position sensors that are
mounted on the airmounts. These sensors measure the displacement in tangential and vertical
direction. This displacement could then be transformed in the actuation directions with the
following transformation matrix:

x1 1L o L o 0 0 | [T1]
3 3
v| L -2 1 0 0 o | |72
3 3
z 0 0 0 1 1 L7
3 3 3
e [ ]
| o o 0 —% 0 ; zl
Rl o o o B2 B,
3 3 3l
Rz BohBB 0 0 0 z3]
BT, 3 1®

In this transformation formula the most right column vector represents the measured
displacement (T stands for the tangential displacement and Z for the vertical displacements in
[m], the number is the airmount number).The left column vector represents the displacement in
the 6 DOF in [m] respectively [rad].

The gains of the input voltage for each power amplifier for the Lorenz-motors were tuned until
accurate actuation directions were obtained. Table 5 shows the relative actuation gains used
when one does not account for the shift of the mass center and it shows the tuned relative
actuation gains.

12 Active damping of lenstop vibrations
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Table 5: Relative actuation gains

X Y Rz
no shift tuned no shift tuned no shift tuned
Ftl 1 1.41 1 0.70 1 1.00
Ft2 0 -0.06 -2 -1.60 1 1.00
Ft3 -1 -1.53 1 0.70 1 1.00
Z Rx Ry
no shift tuned no shift tuned no shift tuned
Fzl 1 0.73 -1 -1.16 -1 -0.83
Fz2 1 1.13 0 0 2 1.83
Fz3 1 1.15 1 1.84 -1 -0.33

In this way an actuating system was obtained that could actuate the mainplate with lens fairly

accurate in the mentioned 6 DOF. The design freedom concerning actuation which is left is the
choice which actuation directions of these 6 DOF will be used in the control loop that has to be
designed. This will be dealt with in the next chapter.

Active damping of lenstop vibrations
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4. Measuring and modeling the process

The subject of this chapter is the process, i.e. the response of the mainplate with lens at the
lenstop accelerometers to actuation with the airmount system. First the method of measuring
this response is treated and the results are presented. A choice for actuation directions will be
made. After that the modeling of the process is discussed. Finally, it will be shown that the
process and the model of this process lead to restrictions on the performance that can be
obtained with the control loop.

41 Measuring the frequency response functions

4.1.1 The process under inspection

In the previous chapter, the actuation system was discussed. This system can now be used to
obtain process knowledge. First a choice has to be made which transfer function will be
determined, because there are various signals available to take as input and output signal.
Possible input signals are the input voltage of the amplifiers, the input current of the Lorentz-
motors or the applied force or torque on the mainplate. Because the difference between these
signals is a known static, frequency independent, gain, it is easy to convert the measured
transfer functions to transfer functions with another input signal.

It was chosen to determine the transfer function between the input voltage of the power
amplifiers of the AM Lorenz motors in [V] and the lenstop acceleration in [m/s?]. This because
the output signal of the controller which has to be developed will be an input voltage of the
power amplifiers. And the lenstop acceleration is the variable to be controlled. So, the desired
transfer function is the H process, depicted in figure 12. The expected average slope of the
transfer function in [dB] is O dB per decade, because:

V = I > N(Nm) - m/s*

H process

Input signal direction Lenstop acceleration
X,Y,Z,Rx,Ry or Rz ] Power Lorentz . - X-direction {m/s’]
P Amplifiers Motors H mainplate + lens _ )
v i |gain M | gain [N] in case of ion » Lenstop. 1
| [Nm] in case of rotation | Y [m/s7]
Point of action: \
i geometric center i
i 1
|
L Measured transfer

Figure 12: FRF measurements

The measured frequency response functions (FRF-s) will be used for the design of the control
loop. To have an insight in the physical interpretation, table 6 shows a recalculation to obtain
the transfer function in [N] or [Nm] to [m/s?]. To calculate these gains, knowledge about the
power amplifiers, motor-constants, actuation directions and distances of the airmounts to
rotation axes have to be known. The last two were depicted in figure 11. The power amplifiers
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are of the type DCPAS0/2 (direct current power amplifier 50 V, 2 A, gain 0.25 A/V). The motor
constants are 43 N/A for the horizontal motors and 87 N/A for the vertical motors. This leads to
the gains shown in table 6.

Table 6: gain conversion values

Actuation direction Applied force/torque per actuation volt
X 274N
Y 247N
Z 654N
Rx 36.7 Nm
& Ry 34.1 Nm
’S& ) Rz 21.0 Nm

4.1.2 Measurement results

Conform figure 12, SISO FRF measurements have been performed with the swept sine methodvl\
with both a SigLab system and with a spectrum analyzer (HP35670A), which lead to the same
results. The measurements were performed on the testrigISOO.évg;%? DOF~> lenstop
acceleration X,Y) SISO FRF-s have been obtained. They are displayed in appendix B. It was
checked that the FRF-s maintain a linear behavior by actuation at different input voltages.
Coherence during all measurements was always close to one.

In general can be said about the measured FRF-s that they are very entangling. Close inspection
shows a lot of anti-resonances — resonances which represent the uncoupling of masses. The
resonance at 84 Hz represents the uncoupling of the lens itself. A tremendous negative phase
shift can be seen in all measured FRF-s that depend on cross-talk (e.g. Ry-actuation to Y
acceleration). This phase shift is also present at the FRF-s that do not depend on cross-talk (e.g.
X actuation to X acceleration) for frequencies higher than around 100 Hz. It is important to
mention this, because this phase shift will be one of the burdens when designing a controller.

413 Actuation directions choice

A choice has to be made which actuation directions will be used to damp the lenstop vibrations.
The main criterion is to use those actuation directions with which damping in X and Y direction
is very well possible but the process model can be kept as simple as possible:

- There is more than one actuation direction required; there are two acceleration directions
that need to be damped. With an actuator acting in only one direction it is not possible to
control both directions independently.

- The Z and Rz directions are the least likely to be used. They depend on cross-coupling for
both the X and Y acceleration direction. This can also be seen in the frf-s: the amplitude
plots are even more entangled for both acceleration directions which will lead to a higher
order model. Furthermore the phase shift is very high, also at low frequencies, in both
directions.

- Good options are an X,Y combination and an Rx, Ry combination. The X,Y combination is
preferred because the transfer functions are a bit more clear: The (anti)resonances are better
distinct and the large negative phase shift starts occurring at higher frequencies (for the
actuation-acceleration combination that does not depend on cross-coupling). These
directions should give the simplest model. Large cross-coupling is present in both actuation
combinations, so this is no argument to choose a certain combination.

- It is not necessary to use more than two actuation directions.

- X,Y actuation is less powerful than Rx, Ry actuation (see table 6), but powerful enough for
this application.
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4.2 Modeling

421 SISO or MIMO

In the previous section it was made clear that the X and Y actuation directions of the airmount
system will be used in the control loop. An important choice is whether a MIMO control loop or
multiple SISO control loops will be designed. This choice determines if the process is modeled
with multiple SISO transfer functions or if a MIMO model is to be obtained, which leads to
some additional modeling techniques.

At first sight it seems clear that a MIMO controller is needed, because the magnitude of the
transfer functions that depend on cross-coupling (X=>Y and Y->X) is almost equal to the
magnitude of the X->X and Y=Y transfer functions at the resonance frequencies. This is
explicable by the fact that a resonance mode occurs in an arbitrary fixed direction. That
direction is independent of the actuation. The choice to design a MIMO controller can be
founded with the so called relative gain array.

The concept of relative gain array (RGA) can be used to measure the degree of cross coupling
or interaction in a system. For an arbitrary square matrix A, it is defined as:

RGAA)=A .*(A™")T
Here .* denotes (like in Matlab) element-wise multiplication. RGA of a diagonal, thus
uncoupled, matrix is the unit matrix. The deviation of RGA from the unit matrix can be taken as
a measure of cross coupling between x and y in the relation y = Ax. For this case RGA can be
considered as a function of frequency:

llensaccX (f) lactuationX (f)
= A( f )e A=
|lensaccY (f) |actuationY (f)

Ho () |H,o.(F)

H,_,(f)

H,_(f)

RGA(A(D)= Af).*(A(D)")"
In figure 13 the elements of the RGA matrix for the measured system are plotted. This figure
shows that in the frequency area of interest (identified in chapter 2), the RGA deviates very
much from the unit matrix, and therefore the cross coupling is very large in that frequency area.
It can also be seen that the cross coupling is highly frequency dependent, and therefore can not
be circumvented by using uncoupling matrices. So the cross coupling can not be neglected and a
MIMO controller is needed. RGA calculations were also done for the Rx, Ry actuation
combination (not depicted) to assure that in this case a MIMO controller also was necessary.
This was the case, so there was no reason to switch to this actuation combination. More
information about RGA can be found in [10].

4.2.2 Black-box modeling and reduction

Since there is no information available about the process except for the measured FRF-s from
the two inputs to the two outputs, the modeling is completely black-box. The steps carried out to
obtain the model are described below:

Step 1: Fit the SISO FRF-s.

The SISO FRF-s have been fitted with the use of the Matlab function invfregs. The fitting
procedure was a combination of methodically approach and ‘trial and error’. Weights have been
assigned in such a way that the fit in the frequency area of interest matched well. Fine tuning
has been done by trial and error changing the number of poles and zeros and adjusting the
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RGA-frequency plot (zoomed), for XY actuation
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Figure 13: Process RGA plot

weights. The result was four transfer functions of the order 26,26,24 and 28 for respectively the
X2X, XY, Y=>X and Y=Y transfer functions.

Step 2: Transfer the SISO models to a MIMO model.

The SISO transfer functions were put in a transfer function matrix. With the use of Matlab this
transfer function matrix system was transformed to a MIMO state space model. This model was
consequently of the order 26+26+24+28 = 102.

Step 3: Model reduction.

The obtained model was of the order 102, which is rather large when one wants to continue with

calculations. Order reduction should be possible because:

- SISO fitting places the poles and zeros for each transfer function at a different frequency,
also when they represent the same modes. This is one of the disadvantages of black-box
SISO modeling, compared with grey-box or MIMO modeling. The process under research
is far too complex to use a grey-box modeling approach.

- Some of the states of the model are more important than others. It is very likely that some
states can be left out without increasing the incorrectness of the model too much.

In [10] 5 different methods for model reduction are described. The first two are truncation and
residualization after the model has been put in the so-called Jordan form, with the eigenvalues
ordered according to mode frequencies. Truncation is to be preferred when accuracy is required
at high frequencies, whereas residualization is better for low frequency modeling.

The other three model reduction methods are balanced truncation, balanced residualization and
optimal Hankel norm approximation. They all need a balanced realization of the system. A
balanced realization is an asymptotically stable minimal realization in which the controllability
and observability Gramians are equal and diagonal (and therefore can be addressed as Gramian).
The controllability Gramian describes how much the different state variables are influenced by
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the input. The observability Gramian describes how the different state variables contribute to the
energy of the output.

The values in the Gramian are ordered so-called Hankel Singular Values (HSV). These values
are a measure for the relevant significance of the different components of the state vector. After
balancing the system, each state is just as controllable as it is observable, and a measure of a
state’s joint observability and controllability is given by its associated HSV. This is fundamental
to the three model reduction methods, mentioned in the previous paragraph, which work by
removing states having little effect on the system’s input-output behavior.

A balanced representation of the system has been calculated by using the function sysbal from
the p-toolbox of Matlab. For more info about the Jordan form, truncation, residualization,
balanced realization and HSV see [6] and [10].

All five reduction methods have been tried out. The two reduction methods which use the
Jordan form gave a much worse result than the three methods using a balanced realization. This
because in the first case states are removed ordered to frequency. Because the frequency areas
that were not considered very important already were neglected during SISO fitting, much
reduction could not be obtained.

The remaining methods measured up to each other for this system. The aim was to let the model
come close to the measured FRF-s in at least the frequency area 50 — 110 Hz, because this was
identified as the area of interest. Balanced residualization was finally evaluated as the method
giving the best result when reducing the model. This can be explained, because in [10] it is
pointed out that residualization works best in the low frequency domain. The three balanced
methods did not have as much trouble matching the frequency domain up to well above 110 Hz
(already simplified because of the SISO fitting) as with the frequency domain in the 50 Hz area.
In that area the balanced residualization had the best performance, and thus was chosen as the
best method.

The Hankel singular values of the balanced realization of the system are plotted in figure 14
with the values belonging to the states numbered above 20 also zoomed in. These plots are
important in that fact that when reducing the model order, one can look in such a plot for large
‘gaps’. When there are large gaps one can choose a ‘cut-off” Hankel singular value, to make a
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Figure 14: Hankel Singular Values of the unreduced model
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founded choice of order reduction. It can be seen that in this system the gaps are not present
(except at very low order, which would reduce the model too much), and therefore a more trial
and error method concerning choosing order had to be used. The resulting order was 40.

It can be mentioned that the problem of the same resonance frequencies being placed at slightly
different frequencies during SISO fitting, is not addressed and solved directly by the used model
order reduction method. However, it became clear that still almost all ‘double’ resonance
frequencies disappeared in the reduced model, when evaluating pole and zero frequencies. (>
S~

- 0
Appendix C shows plots of the four measured FRF-s compared with the transfer functions p,\f
resulting from the 40™ order MIMO model, figure 15 below shows the magnitude plot of the 6
MIMO system.
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Figure 15: Modeled and reduced process magnitude plot

4.3 Performance restrictions

The process used in the control loop leads to some performance restrictions. With performance
the degree of disturbance rejection is meant in this control problem, which can be measured by
the sensitivity S. There are two main causes for these performance restrictions: process

characteristics and process uncertainty. N

4.3.1 Process characteristics )’:;«

In e.g. [3] an enumeration is given of process characteristics that imply limitations on/
performance. Besides the Bode Sensitivity Integral, which always holds for existing processes,
one mentioned characteristic is in order here: non-minimum phase zeros. "~V

The Bode Sensitivity Integral states that if the pole zero excess of the combination of the plant
and controller is at least 2 and there are no RHP poles, the following holds:
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jln|S(jw)|dw=0
0

Although the process model does not have a pole zero excess, this excess will certainly be
present in the real process as well as in the controller process, because of limitations on physical
realizable processes. The integral means that the area of |S(jo)| under 0dB equals the area above
it and thus that an inevitable trade-off exists between performance improvement in a certain
frequency area and performance deterioration in another frequency area.

Non-minimum phase zeros are zeros located in the right half plane and are therefore also
addressed as RHP zeros. Their presence in a system causes a net change in phase when
evaluated for frequency inputs between zero and infinity. The phase decreases at the zero break
point instead of exhibiting the usual phase increase that occurs for an LHP zero. In section 4.1.2
it was already remarked that a tremendous negative phase shift was present in the measured
SISO transfer functions. This shows that there are a lot of non-minimum phase zeros present in
the SISO transfer functions. These zeros are well known to appear in a flexible structure
problem with non-collocated sensors and actuators [7], with which this control problem can be
compared.

As the process was considered to be a MIMO system, the non-minimum phase zeros turn up as
RHP transmission zeros in the MIMO model. In figure 16 the pole-zero plot of the modeled
MIMO system is shown. The zeros in this plot are the transmission zeros of the system. Close
inspection of this plot showed three (one pair can not be observed well in the figure) RHP
transmission zero pairs. They have a natural frequency of respectively 479 , 674 and 715 rad’s,
or 76 , 107 and 114 Hz. These zeros lie almost exactly in the frequency area identified in
chapter 2 as the area of interest. In [7] it was also shown that model refinement by addition of
higher order modes can cause the appearance of additional zeros in the right half plane. Because
almost no attention was paid to the correctness of the model at higher frequencies than 110 Hz
but the negative phase shift continues, it can be assumed that these additional zeros are present
in the real process.

Pole-zero map
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Figure 16: Pole-zero map of the MIMO modeled system

It is well known that RHP zeros of the process set very high limitations on the obtainable
perfoglance of the controlled loop. In [S] limitations imposed by RHP zeros of the open-loop
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system are expressed directly in terms of the sensitivity function of the closed-loop system. The
mentioned Bode Sensitivity Integral effect, the trade-off between performance in one frequency
area against another, is boosted. It is said that a significant level of sensitivity reduction at
frequencies near a right half plane zero, which is exactly what we need in this control problem,
is necessarily accompanied by a large sensitivity increase at other neighbouring frequencies.

Thus, as a consequence of the characteristics of the process in the control loop, there will be a
very strong trade-off between disturbance rejection at certain frequencies and disturbance
amplification at other nearby frequencies.

4.3.2 Process uncertainty

Limitations on performance are also implied by process uncertainty. This because the control
loop has to possess stability robustness as well as performance robustness. These two
requirements can be translated in requiring a small complementary sensitivity T [3]. When there
is a lot of uncertainty about the process, requirements on T will be very stringent. These
requirements on T are reflected directly on S because of the rule S(jw)+T(jo) = 1. Thus, a high
process uncertainty imposes strong limitations on performance.

In the case of the damping lenstop vibrations problem, process uncertainty is caused by
measuring errors, modeling errors and process variation over time. The measuring errors will be
ignored as it is expected that they can be neglected compared to the modeling errors. It is very
difficult to quantify the process variation over time. Qualitatively it can be said that it was
shown in [1] that control of flexible structures with non-collocated sensors and actuators is
extremely sensitive to process changes, and therefore special care has to be given to robustness.

The model error can be quantified easily. Figure 17 shows the maximum singular value of the
additive model error divided by the minimum singular value of the process in percent, in
formula:

O(AP(jw))
o(P(j))

{deltaPy/|P|

G e
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Figure 17: Maximum relative additive model error

In [3] it is stated that a 100% modeling error will certainly prevent disturbance rejection. It can
be seen that for some frequencies in the frequency area of interest in the worst case the
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modeling error is greater than 100 %, so the performance is more likely to become worse than
better at those frequencies. This does not mean that control design is useless with this model,
because the model error at the peaks of the process, which are the resonance frequencies that
also are dominant in the disturbance, is much less than 100%. Still, it can be concluded that the
model error limits the disturbance rejection considerably.

The modeling error contributes to the process uncertainty which becomes very high and there
will necessarily be a strong trade-off between robustness and performance. This could be a
reason for model improvement, however, because of the entanglement of the process, this is
extremely difficult and will also provide a much higher order of the model.
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5. Controller design

In this chapter the design of the controller that has to damp the lenstop vibrations is outlined.
First is explained how it is evaluated if the designed controllers meet the requirements and how
well they perform. After that three main control design methods will be tried out: simple
proportional feedback, LQG control and Heo control, with different augmented plant setups. Not
all design techniques will be treated equally extensively as it will quickly become clear that
some techniques are not well suited for this problem. Finally all designed controllers will be
compared and a choice will be made which designed controller will be implemented in the /800.
This implementation is discussed in the next chapter.

5.1 Controller evaluation

The design methods that are used lead to controllers of which the performance has to be
evaluated. First it has to be checked if the designed controller meets the requirements. When
this is the case, the controller can be evaluated further to be able to compare its performance
with the other designed controllers.

5.1.1 Simulations

Before outlining the requirements, first it is explained how the designed controllers could be
simulated in Simulink of which results were used to judge if some requirements were met. The
setup of the simulation can be seen in the lay-out of the Simulink model in figure 18. It can be
seen that disturbance is inserted (lensacc, from workspace). This disturbance was extracted from
tracefiles, in which measured undamped lenstop acceleration data was saved. Therefore the
inserted disturbance represented real lenstop vibrations that had to be damped. There were 15
tracefiles available with data obtained from testrig/800, the same machine on which the transfer

functions were measured. Reut { (K. Oy Wred wodd.

The tracefiles were obtained during white noise injection on tl%airmount system in Rx and Ry
direction with the existing PAS 5500 software. A very important remark is that tracefiles
obtained during the run of a job were not available, and theyefore no direct conclusions can be

made about thg_i_mwmen(.nt_g@rﬁf_cm/riﬂg_a& The damped lenstop acceleration
data is represented by c_lensacc in the Simulink model. Furthermore it can be seen that the

actuation signal (actuation, to workspace) is also extracted.

actuaioﬂ [T.lensacc) }—\

ToWorkspace From ’

Workspac e

+
m + N, : e Conn] ‘@
Constant - y=0Cx+Du y=Cx+Du

Sum To Work
Sum Cantro ller MIMOprocess Y = % aco

Figure 18: Simulink model setup
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5.1.2 Controller requirements

Requirements that have to be met by the controller are:

- The control loop has to be stable, which is rather obvious.

- The controller should not be active in the frequency area below 5 Hz as was explained in
paragraph 3.2.

- The resulting actuation signals can not exceed 1 V. This is an arbitrary but safe upper limit.

- The aim concerning performance was to damp the lenstop vibrations in the 50-110 Hz area
as much as possible. It is not allowed to achieve this at the expense of high degradation of
performance, thus strongly amplifying vibrations, outside this area. Designing a controller
with such a performance goal will be called conservative design in the rest of this report.

- No explicit requirements are made on the avoidance of sensor noise. Figure 8 in chapter 3
showed that sensor noise certainly is present. However, in the targeted area, it is

%q considerably smaller than the acceleration signal, except at the borders of this area. Taking

restricted indirectly by other requirements and performance aims.

N’)—% ' ' the sensor noise into account would restrict the complementary sensitivity, which is already
Q

- The controller has to provide an arbitrary amount of robust stability and performance
robustness. At least the implementation of the controller can not lead to instability or high
performance deterioration.

There are several evaluation methods to check if a designed controller meets the requirements:

- /St\alzi\l.iiy can be checked fastest by running a simulation.

- The simulation also provides actuation signal data. The amplitude of this signal can be
checked to see if this does not exceed the upper limit. Furthermore a cumulative PSD plot of
the actuation signal can be made to see if the actuation signal does not contain components
below 5 Hz.

- The easiest way to see if the controller signal does not deteriorate the behavior outside the
50 — 110 Hz area too much is to look at cumulative PSD plots of closed loop lenstop
acceleration data resulting from simulations.

- Nyquist plots can also be used to judge the stability of the control system. Because the
system under research is a MIMO system, a kind of Nyquist plot can be obtained by
plotting the eigenvalues of the looptransfer against frequency, the so-called characteristic
loci [8]. Precise phase and gain margins can not be obtained from this plot, however it can
be seen if a system is close to instability. A great advantage is that these Nyquist plots can
also be constructed with the measured transfer functions. Although the plots are less clear
because of less resolution, it can be evaluated if the closed-loop will also be stable with the
real system. Consequently with the Nyquist plot something can be said about the robustness
of the system.

5.1.3 Controller performance evaluation and comparison

When a designed controller meets the requirements its performance can be evaluated further and
compared with other designed controllers by a few methods:

- An easy measure for comparison is the RMS performance improvement. This is calculated
by dividing the RMS value of the undamped lenstop acceleration by the RMS value of the
damped lenstop acceleration expressed in terms of percentage. The mentioned values are the
mean of the values resulting from simulations with the mentioned 15 tracefiles.

- The PSD-s and / or cumulative PSD-s of closed loop lenstop acceleration data can be
compared with the plots resulting from open-loop data to judge the behavior in the
frequency domain.

- (Complementary) Sensitivity plots will also be used to judge the closed loop behavior in the
frequency domain.
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- The process sensitivity (P*S) can be used to see how the peaks in the transfer functions are
suppressed. In this way, it can be seen at first glance, where the behavior of the system was
improved by inserting the controller. The resonances in the system are mainly the same as
the peaks in the disturbance, especially in the disturbance obtained by the artificially excited
experiments, because this excitation was done with Lorenz motors of the AM system. Thus,
when the peaks in the process sensitivity are decreased, the main frequency components of
the disturbance will be suppressed.

5.2 Simple proportional design

In chapter 4 where the process was discussed, there were many indications that a sophisticated
controller, rising from modern control methods, is needed for the damping of lenstop vibrations
problem. Still, it is wise to also try out a classical design method for performance comparison
and to see if the extra effort and the high order controller which will certainly arise from modern
control methods, is really necessary. Therefore a simple proportional design was tested for the
damping of lenstop vibrations problem. Because this method is SISO, which is a disadvantage,
one controller was designed for the X direction and one for the Y direction. No uncoupling
matrices were used, in paragraph 4.2.1 it was already shown that this would be no use. All
figures used for evaluation of the designed controllers can be found in appendix D.

Figure D.1 and D.2 show the two SISO Nyquist plots of the open loop when the controller is
only a gain. To obtain a SISO gain margin of 6 dB, this gain was 1.83 for X actuation to X
acceleration and 4.26 for Y actuation to Y acceleration. Simulation with the MIMO system
showed that the controller stayed stable. Simulation results are not shown, it is sufficient to
mention that the improvement in RMS-values obtained with these controllers was less than 3
percent in both directions, without much disparity in performance between certain frequency
areas.

It was decided to improve these controllers with low-pass filters at the proper frequencies, to
obtain a more favorable phase at resonance frequencies (especially 84 Hz). After tuning the
final controllers were:

2.7 2.7
Cxx(s)=Kxx. - n fxx 2. % fl
s‘+4-w-d_ - f,-s+2-m-f,) s+2-m-f
2.7[‘fy_y - 2”']‘}

C . (s)=K o
» (=K, s’+a-m-d,,-f,-s+Qx-f) s+2-7-f

K, =-15.1

d, =030
K, =-174

d, =0.60
£ =30 ;

fi=15
£, =40

The controllers are plotted in figure D.3 and figure D.4 and the obtained SISO Nyquist diagrams
in figure D.5 and D.6. The MIMO Nyquist plot can be found in figure D.7. It shows that using
the SISO controllers in the MIMO system does not lead to instability, and that a reasonable
margin from instability is kept. Still, evaluation on the measured system in figure D.8. shows
that the closed loop almost becomes unstable, the design does not hold much robustness.
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The obtained system was simulated. First simulations took place with controlling in one
direction. It was noticed that the performance in the other direction also improved. This can be
explained by the fact that a controller tries to damp a certain movement in one direction.
However, this same movement also causes lenstop acceleration in the other direction.
Consequently, when this movement is damped, the lenstop acceleration in the other direction
becomes less, and therefore the performance somewhat better.

Secondly, both controllers were inserted in the system and again simulations took place. The
actuation signal amplitude stayed below 0.05 V, and there was no action below 5 Hz. As
expected, the performance improved compared with using a single SISO controller.
Furthermore it was noticed, that there was a great difference in performance dependent on the
tracefile that was used to insert disturbance. The mean improvement concerning RMS-values
was 10% in X-direction and 6.3 % in Y-direction. But the performance improvement fluctuated
between 0% and 25% in both directions. The fluctuation can be explained with the sensitivity
plots in figure D.11. In the sensitivity plots it can be seen that there are a few deep narrow drops
in the sensitivity. Therefore the performance is good at only a few frequencies. In the tracefiles
the resonance frequencies that dominate the disturbance fluctuate. So, when a resonance that
does not have a low sensitivity attached to it, dominates the disturbance, the performance will
be less, than when e.g. the lens resonance frequency (84 Hz) dominates the disturbance. This
effect is increased because of an unfavorable phase of some resonance frequencies.

The process sensitivities can be seen in figure D.9. These show that because of the low order of
the controller (compared to that of the system) only a few resonances can be suppressed, the
process sensitivity does not become ‘flat’. Figure D.10 show the cumulative PSD-s resulting
from a simulation. It can be seen that the performance outside the 50 — 110 Hz area is not
deteriorated, but that the performance improvement inside this area is small.

It can be concluded that as expected simple proportional design is not well suited to design a
controller for damping lenstop vibration. The performance of the system improves only slightly.
More tuning and higher order control design will probably lead to some improvement of the
performance, but this improvement will be marginal. The controller needed will be of a very
high order and the problem is too complex to expect a fair result with classical design methods.

5.3 LQG design

The second method which is tried out for controller design is the modern control theory method
LQG-design. The reader is supposed to be known with this method. If needed, information
about LQG design can be found in [2]. However, some important aspects of the LQG design
methods, concerning the use of the method for the problem of damping of lenstop vibrations
will be pointed out here:

- The LQG-design method is, opposite to the proportional design of the last section, well
capable to handle MIMO systems. This is a great advantage.

- The LQG-design method is state-space orientated. This is a disadvantage, because
knowledge about the system, the disturbance and the performance requirements is available
in the frequency domain. It is difficult to link states to the frequency domain information.

- The LQG-design method does not guarantee robustness (see e.g. [3]), which is a
disadvantage because one of the requirements is to generate a robust design.
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For the calculation of an LQG controller, there are four weighting matrices that need to be
determined:

Q: weights of the importance of the states
R: weights of the actuation

Rv: weights of the disturbance on the states
Rw: weights of the measurement noise

The matrices Q and Rv are the most difficult to determine. For example, the disturbance of the
system is the measured open-loop lenstop acceleration. In the frequency domain it is perfectly
known where the disturbance is large. But because the system was black-box-modeled, it is
difficult to determine which state will be affected the most by this disturbance. It is possible to
do this, but it would be rather laborious.

Many weight matrix combinations have been tried out. In almost all situations the proportion of
Q to R and of Rv to Rw was taken very high, to suppress actuation costs and neglect sensor
noise. R and Rw were taken as the identity matrix all the time (except for a multiplication
factor), because there was no difference between the actuation costs in X and Y direction and
the sensor noise in X and Y direction. Options for Q were e.g. (squared) Hankel singular values
(see below), CTC, unity matrix). R could be taken as e.g. the unity matrix or (I*)BB".

The best result was obtained by taking Q as the squared Hankel Singular Values (HSV, see
paragraph 4.2.2) and R as the unity matrix. Using the HSV-s is a practical way to assign
weights to the states of the matrix Q. The lenstop acceleration is particularly a result of the same
resonances that are present in the system. The states belonging to those resonances have high
HSV-s. As a consequence it is possible to use these HSV-s in the weighting matrix Q. In this
way, we should suppress important resonances in the system.

The controller that met the requirements and had the best performance was calculated with the
following weighting matrices (the size has been put in brackets, and is a consequence of the
order of the modeled system, 40, and the number of in- and outputs, 2):

Q [40x40]: squared HSV-s on the diagonal axis, multiplied with a factor 1e27.
R [2x2]: Identity matrix.

Rv [40x40]: Identity matrix, multiplied with a factor le4.

Rw [2x2]: Identity matrix, multiplied with a factor 1e-4.

The squared HSV-s lay between 2.6e-21 and 3.2e-17, so indeed we did not restrict the actuation
signal. '

The figures following from this controller can be found in appendix E. The controller (figure
E.1), the sensitivity (figure E.2), the complementary sensitivity (figure E.3), the process
sensitivity (figure E.4), the Nyquist plot of the modeled MIMO system (figure E.S), the Nyquist
plot of the measured system (figure E.6) and a cumulative PSD-plot of lenstop acceleration
resulting from a simulation (figure E.7). The simulation showed that the actuation signal did not
exceed 0.02 V and was not active below 5 Hz.

The following conclusions about the designed LQG controller can be made:

- The performance concerning RMS-values of the lenstop acceleration is a mean

improvement 8.8 % angH=8 % for x and y directions respectively. Fluctuation was high in
this case also, betwee @'o and 34 %.
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- The trade-off between overall performance and the performance in the 50-110 Hz area
could be steered up to certain extent. Some designed controllers performed slightly better in
that area, while the overall performance degraded quickly.

- The sensitivity plots show the inevitable trade-off between performance improvement at
some frequencies and performance deterioration at other frequency areas.

- The process sensitivity also shows that the performance at certain resonance frequencies is
improved, but others are worsened. Here the mentioned disadvantage of LQG design was a
burden. When a certain frequency does not have a state with a high HSV attached to it, the
performance at that frequency will be bad, also when there is a lot of disturbance present at
that frequency. Without the linking of the states to frequencies, it is not possible to penalize
such deterioration of the performance. This effect is not well visible with this designed
controller, because of the conservative design, but it was the limiting factor during
designing. Besides worse performance outside 50-110 Hz there were also some frequencies
inside this area that deteriorated the performance quickly.

- The MIMO Nyquist plot shows that the modeled closed loop system is nominally stable,
which is an automatic outcome of LQG design. It seems that there also is an acceptable
stability margin present, presumably as a result of the conservative design. The Nyquist plot
of the measured system with this controller also shows a stable system. Less conservative
designs lead to Nyquist plots that were close to being unstable, and seemed unstable when
they were evaluated with the measured system.

It can be concluded that LQG design is not well suited for this problem of damping of lenstop
accelerations. Only one controller has been evaluated here, but this one was regarded as the one
with the performance that best met the requirements. Still, the performance of this 40" order
controller was not appreciably better than the designed proportional controllers. It is expected
that the performance can be improved by the mentioned linking of the states to frequencies, but
it makes more sense to switch to another design method, the Hoo control design method.

5.4 Howo design

The third design method that has been tried out to develop a controller for damping of lenstop
vibrations is the Heo control design method. Again it is not the purpose of this report to give an
explanation about this method. Information about Heo can be found in [3]. However, some
important aspects of the Hoo design method, concerning the use of the method for the problem
of damping lenstop acceleration are pointed out here:

- The Heo design method is well capable to handle MIMO systems.

- The Heo design method is frequency orientated. As has been pointed out in the previous
section, this is a great advantage, because all the needed information is available in the
frequency domain.

- The Heo design method can guarantee robustness.

The critical part of Hoo design is to determine the augmented plant. First it has to be chosen
which weighting filters have to be taken into account. Second, these filters have to be
determined. After choosing initial filters some tuning is needed to obtain the preferable
performance.

For the choice which weighting filters will be used two aspects will be taken into account:

- Performance

- Model uncertainty

Sensor noise is neglected again and no direct penalty will be put on actuation. Furthermore there
is no reference signal present, there is only disturbance that has to be damped.

30 Active damping of lenstop vibrations



TU / e Controller design 0:‘ ASML

There are three augmented plant setups, resulting from three different control structures, i.e.
three different weighting filter combinations, that will be discussed. The standard control
system set-up can be seen in figure 19. In this figure P denotes the physical standard plant, G is
the generalized standard plant including the weighting filters V and W to specify performance,
and M is the augmented plant, the weighted closed-loop system. Each different augmented plant
setup results in a different minimizing problem and it will be shown that this will have a major
impact on controller performance.

O
:
v

T@"V‘ M

Figure 19: Standard control system setup

The weighting filters normally exist out of two parts: a scaling filter and a weighting filter for
loopshaping. Different scaling for the inputs and outputs can be omitted. This is a consequence
of the mutual similarity of the actuators and sensors. Furthermore, the mutual similarity of the
sensors and actuators together with equal performance demands for the X and Y direction of the
controlled system, result in the use of diagonal weighting filters. So, with every mentioned
filter, a [2,2] transfer function matrix is meant, with the filter on the (1,1) and (2,2) position (the
other elements of the matrix are zero), unless stated otherwise. Another remark is that phase
data of filters will not be plotted, because the Hoo method is phase irrespective. m’)
/\/\/\ .

5.4.1 Augmented plant setup 1

In [3] it is explained that it is wise to keep the composed matrix, resulting from the augmented
plant, as small as possible. Therefore it is advised to use a filter W, on the actuation signal to
account for model uncertainty. This is very well possible here, because we do not use the filter
for restricting actuation. In combination with a disturbance input filter V4 we now can model the
model uncertainty AP. The control structure with the weighting filters can be seen in figure 20.

AP

=~

Figure 20: Hoo control structure setup |
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The filter W is the filter that penalizes the output signal and thus specifies performance
requirements.

With the setup of the augmented plant from figure 20 the Heo design control method results in
the so-called mixed sensitivity problem, the design of a controller that minimizes:

w. SV
bl =[ e |
u d
It holds that:
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During the design we aim for |[M|[co <y = 1, consequently in the mixed sensitivity problem this
leads to the restrictions:

Vw:E(S) <

|WeVd |
o(P)
|Wqu |

These restrictions can easily be plotted and bottlenecks can easily be recognized, which helps
with the choice of weighting filters.

Vw:E(T)<

Model uncertainty

Model uncertainty can best be modeled as additive model uncertainty when using the control
structure of figure 20. In [3] is proven that in this case as a result of the small gain theorem
robust stability is guaranteed if:

IM|leo<y=1and Vor:5(AP)<|W,V, |
AP represents the additive model error. In this case the filter V4 represents V.

It is a great problem to guarantee robustness for the problem of damping lenstop acceleration.
Already in section 4.3.2 was stated that there would be a harsh trade-off between robustpess and
performance. Figure 21 shows the maximum singular values of the additive model err@ his

___~~ was obtained by subtracting the modeled frequency response functions from the measured
frequency response functions. Figure 21 also shows a possible combination [W, V4| where
applies:

Vo:o(AP) W,V |
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o(P)
I Wqu |

Additive model error

Vw:o(T)<

Controller design

way will lead to near zero performance improvement. The design and simulation of a controller

drawn in figure 21. It can be seen that the border in the bode magnitude plot for this value T is
with the mentioned weighting filters W, and V, confirmed this.

Figure 22 shows the border for the maximum singular value of T when [W,V| is chosen as
very low, so T has to have a very small value at all frequencies to guarantee robust stability.
Because of the rule S+T =I, S will be around I, which means that a controller designed in this

To guarantee robust stability, the goal was |[M|lco <y = 1, which was shown to imply:
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As a consequence of the mentioned problem, we have to leave out the guarantee for robust
performance. This does not have to be disastrous, because the restriction that the Hoo method
lays on the controller design to guarantee robustness often is far more stringent than needed.
Therefore the only restriction left will be the performance of the designed controller. We will
use the filter W, to restrict R, but far above the robustness requirement.

Plots of used filters and results with the augmented plant setup 1 can be found in appendix F.
Loopshaping: V4=1

The first tuned Heo controller was developed with the disturbance taken as white noise,
V4 =1. The filters W, and W, are plotted in figure F.1 and the transfer functions are:

We=2.9.10—4_((s-l-z'”'fel)z'(s+2.”'fe2)2J

(s+2-7m f,) (s+2-7-£.,)
2
Wu=023 BX 27 La)
(s+2‘”'fu3)
f., =1Hz, f., =1-10*Hz, f., = 50Hz, f,, =110Hz
f. =30Hz, f,, = 300Hz

W, was chosen to follow the shape of the model uncertainty in the frequency domain, except for
the peak. W, was chosen to emphasize the performance requirement in the area 50-110 Hz. The
restrictions imposed on S and T by these filters can be seen in figure F.2. Figure F.3 shows the
controller that emerged from this design. The achieved y-value was 1.11. It can be seen that the
controller actions are quite low. The sensitivity plot, figure F.4 shows that the controller indeed
emphasizes to improve the performance in the area 50-110 Hz. However, because the
disturbance input filter Vd was taken as white noise, there is no extra emphasis in suppressing
certain resonance frequencies. So, the controller wants to improve the performance over a wide
area and because of the explained strong trade-off between performance improvement and
deterioration, the obtained performance improvement is very minimal. Furthermore the required
sensitivity decrease at the non-minimum phase zero locations can not be complied with.

This controller was the best controller obtained with the filter V4 = 1. It will not be analyzed
further, because of its very minimal performance (9% respectively 8% RMS improvement for X
and Y), which also can be seen in the cumulative PSD plot resulting from a simulation in figure
F.5. It is clear that the neglect of available information, i.e. the disturbance shape, restricts the
controller too much and this information has to be taken into account.

Anyway, also with this filter shape choice, a trade-off between the performance inside and
outside the 50-110 Hz area was possible, again a conservative approach was taken. Furthermore,
the performance improvement fluctuates little over the tracefiles, because of the lack of sharp
peaks and narrow drops in the sensitivity.

Loopshaping: V, shaped according to disturbance PSD-s

The best way to precisely model the disturbance with a filter, is to fit a filter exactly over the
PSD of the measured disturbance data. First phase data has to be generated, because only
magnitude data are available in a PSD function. Phase data can be generated with e.g. the
function genphase of the Matlab p-toolbox. Next, a fit can be made with e.g. the function
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invfregs of the Matlab signal processing toolbox (also used for fitting of the transfer functions
of the process).

An important remark at this point is that Hoo design (before possible order reduction) leads to a
controller that is of the order of the process (40 in this case) plus the order of all the filters.
Consequently, a higher order fit on the disturbance PSD-s, will lead to a higher order controller.
This is a reason to confine the fit to a few orders. Furthermore this filter will not be diagonal,
because the disturbance PSD in x-direction differs from the disturbance PSD in y direction. Fits
can be seen in figure F.6, V4, was 6™ order and V4 was 12" order.

There was no success in designing a usable controller in this way. y-values exceeded 100,
almost all the time, also with the most conservative controller design, i.e. very low performance
weights. The reason for this appears to be numerical. When the 6" order Vg, and the 12" order
V4 filter are used, the function hinfsyn is not capable of calculating controllers with a y-value
below 1000, regardless of the We and Wau filters, even when the restrictions on performance are
very low. Decreasing of We and Wu does not reduce the obtained y-value. When the order of
the Vd filters is reduced, the y-value that can be obtained does decrease. However, keeping Vd
of the order that is needed to approximate the disturbance-PSD-s very roughly, did never lead to
a y-value near | and a well performing controller. Therefore the disturbance information has to
be taken into account in another way.

5.4.2 Augmented plant setup 2

There is a way to prevent the use of high order filters and still take some information about the
disturbance into account. This can be done by composing the augmented plant as depicted in
figure 23. It can be seen that the Vj filter is left out and that an actuation input filter V, has
come in its place. The augmented plant now can be compared with the plant that is depicted in
figure 24.

Figure 23:Hew control structure setup 2

lvd

v

.
—
c P —;@g W, >

Figure 24: Redrawn Hoo control structure
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When the filter V, is taken as a constant value, the disturbance is shaped with the great
difference that we do not need a high order filter for this. The disadvantage of the new
configuration is that although the disturbance has much resemblance with the process, it is not
the same. Therefore we do not model the disturbance exactly and this approach will especially
optimize the decrease of the process sensitivity P*S.

The Hoo optimization problem again becomes a kind of mixed sensitivity problem and will

minimize:
Ml = W,P-SV,
T i |

The V, filter will be taken simply L. Design restrictions will only be applied with the other two
filters, W, and W,. Restrictions on T and S can be deducted equivalently to the deduction of the
restrictions at the previous augmented plant setup and when we again aim at ||[M|jco <y = 1, they
become:

1

vaald)< |W,V, |a(P)

V(o:ET <
O<twv

u

Model uncertainty

W, will be again be used to model the model uncertainty. But because of the different structure
of the augmented plant, it needs to be reviewed how this has to be done. The modeling of the
uncertainty can better be done with input multiplicative model uncertainty, depicted in figure
25.

AIm

- — P

Figure 25: Input multiplicative uncertainty

As a result of the small gain theorem robust stability is assured when:
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The weighting filters can be chosen so that [W,V | meets this condition. So, we can use Wu to
model model uncertainty and guarantee robust stability, however again it will not be possible to
reach this guarantee when also requiring performance.

Plots of used filters and results with the augmented plant setup 2 can be found in appendix G.
Loopshaping

This configuration of the augmented plant turned out to be very convenient to work with. The
performance of the controllers designed in this way was often acceptable. A total trade-off was
possible between the performance inside and outside the 50-110 Hz frequency area.

Figure 26 shows what is meant with this total trade-off. In this figure the cumulative PSD-s
resulting from a simulation that was calculated to obtain a controller that performed very well in
the area S0-110 Hz. It can be seen that this happens at the cost of frequencies outside this area.

x 10° X cumulative lenstop acceleration
6
g4 ,/f =
= ——  open loop
= ——  closed loop
B e e e B e S S, I Lt ~
0
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: — \
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Figure 26: Total performance trade-off example

After tuning the controller that best met the performance requirements was obtained with the
filters denoted below plotted in figure G.1.

We=838-10"°- (s+2-7-f£,)
(s+2.7-f,,) - (s+2-7- f,,)

(s+2-7r-ful)2 -(s+2-7z'-fu2)2 ]

(s+2-m-f,) (s+2-7- £, )
f., =1-10*Hz, f,, = 20Hz, f,, =110Hz
f,, =50Hz, f,, =110Hz, f,, = 1Hz, f,, =10000Hz

Wu=1000-[

X direction and 24 % jh Y-direction, which is rather well compared with previous desi
controllers. Againmit'was not possible to guarantee the robust stability, the input multiplicative
model uncertainty was calculated and plotted in figure G.2, with the modeled model uncertainty
plotted in the same figure.

The mean perrfcm;mce improvement concerning RMS-values with this controller wdij} in
d
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It turned out that, contrary to designed controllers in previous sections, evaluation of this
controller with the measured transfer functions lead to an unstable closed-loop. This can be seen
in the Nyquist plots in figure G.3and G.4. The Nyquist plot of the modeled system does not
encircle the point —1, while the plot with the measured system does encircle this point. It was
found that the difference between the modeled and the measured system lead to an unstable loop
with almost any controller that performed rather well, but that was designed with this
augmented plant structure. With other words, omitting the robustness guarantee and designing a
controller with the augmented plant structure of figure 23, leads to a controller that is far from
robust. In [9] and [11] is shown that the reason for this is that with the mixed sensitivity
problem pole/zero cancellations are likely to occur, which leads to this unrobustness. Studying
pole-zero maps confirmed that this happened here also.

The designed controller will not be evaluated further, because it does not meet the requirements,
it is unstable with the real system.

5.4.3 Augmented plant setup 3

At this moment we will leave the principle of keeping the composed matrix M resulting from
the augmented plant, as small as possible. In the mentioned article [9] is also shown that
pole/zero cancellations are less likely to occur in the so-called four-block problem and that
therefore the solution of that problem inherently exhibits some robustness. This four-block
problem is obtained when the two previous proposed augmented plants are combined, i.e. when
the augmented plant contains both an actuation input filter and a disturbance input filter. This
augmented plant can be seen in figure 27. It can also be seen that we still choose to model the
model uncertainty with input multiplicative uncertainty. The model uncertainty will not be
discussed anymore. Robustness still can not be guaranteed

Fian

w

u o

Figure 27: Augmented plant setup 3
The four-block problem is to minimize:
[WeSVd W.P.SV, ]

I o

Instead of one restriction on S and one restriction on T, still aiming at |[[M||co <y = 1 leads to two
restrictions for S and two for T. This leads to the opportunity to use low order filters to stress
performance at certain frequencies while still fairly restricting the sensitivity at other
frequencies.

(> =]

Plots of used filters and results with the augmented plant setup 3 can be found in appendix H.
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Loop shaping

Shaping and tuning of the filters until the optimal performance was reached, lead to the
following filters:

Vd =4.54-10

Vu=1

We=2.69.10—3‘ (S+2.”.fel)2(S+2.”'f82)2

(s+2'ﬂ’-'fe3)2 '(s+2'7[.fe4)2

Wu = 2250- (S+2'ﬂ"ful)2 '(S+2'7l"fu2)2
(s+2-7-f,,) -(s+2-7- £, )

f. =1Hz, f,, =1-10*Hz, f,, = 50Hz, f,, =110Hz

f,, =60Hz, f,, =T0Hz, f,, = 1Hz, f,, =10000Hz

A plot of the filters W, and W,, can be seen in figure H.1. Figure H.2 shows the weighting on S
and T for the X to X and the Y to Y direction by respectively [W.P;V,| and [W P;'V,| where for
P; the values of P, respectively P,, were taken. In this way it is possible to see where extra
performance improvement is requested for the X to X and Y to Y direction. Figure H.3 shows
the restrictions that are made on S and T. It can be noticed that although we still require extra
performance improvement at resonance frequencies, it is not allowed to comply with this
request by too much performance deterioration at other frequencies.

The designed controller can be seen in figure H.4, the sensitivity in figure H.5, the
complementary sensitivity in figure H.6 and the process sensitivity in figure H.7. The obtained
y-value was 0.98. The complementary sensitivity plot shows that the neglecting of the sensor
noise did not lead to an unacceptable complementary sensitivity and therefore was allowed. The
actuation signal does not exceed 0.2 V and does not have components below 5 Hz. The process
sensitivity plot shows that indeed the controller emphasizes to suppress the resonance peaks.

Figure H.8 shows the MIMO Nyquist plot of the modeled open-loop, figure H.9 shows the
Nyquist plot of the measured open-loop. It can be seen that the system indeed is stable. With
this augmented plant setup, it was far more easy to trade off between robustness and
performance.

Figure H.10shows the cumulative PSD that results of a simulation with this controller. The
an performance imprev¢ment concerning RMS-values obtained with this controller were
@ in x-direction an@ in y-direction.

5.44 H;design

A short note can be made on H; design. H; design is a design method that works in the same
way as Hoo design. The difference is that H, design tries to minimize |[M]}, instead of |[M|jeo.
This means that H, design tries to minimize the energy induced by the augmented plant.
Therefore, H, design can be seen as the equivalent of LQG design in the frequency domain.
Consequently, with H, design the main disadvantage of LQG design for the damping of lenstop
acceleration problem can be avoided.

The difference of LQG / H, with the Heo design method, is that it is much less easy to control
0(S(jw)) and o(T(jw)) because all the principal gains are manipulated simultaneously over
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the frequency domain. This is a significant difference and a disadvantage because we want to
damp resonances which are sharp peaks in the frequency domain. Sharp peaks do not induce
much energy, and therefore there is not much extra effort in suppressing these peaks.

H, design has been tried out with the augmented plant setups and weighting filters from the
previous sections. Small adjustments were made because the H, design requires a strictly proper
plant (otherwise the induced energy will be infinite). None of the controllers that emerged from
the design will be treated, because the disadvantage mentioned in the previous paragraph was
well observable and no controller with comparable performance to the Hoo designed controllers
could be obtained.

5.5 Designed controllers comparison

Table 7 shows an overview of all discussed controllers. In the table their performance is
outlined, as well as their main disadvantage if any. It is rather obvious that the designed Hoo
controller with the augmented plant setup 3 is to be preferred above all others. This controller
has the best performance while still obtaining some robustness. All other controllers damp the
lenstop vibrations only marginal, except for the controller that arose from the Hoo method with
setup2. This controller was found out to be not robust and became unstable when evaluated in
the real system.

Table 7:Controller comparison for nominal plant

Controller Proportional LQG Heo Hoo setupl  Hoosetup2  Hoo
setupl Vd = fitted setup3
Vd=1
RMS 10% 8.8% 9% n/a 46% 32%
improvement "
X
RMS 6.3% 11.8% 8% n/a 24% 33%
20
improvement '}J /6—5/
Y
Main TS low order Hard to S issup- Numerical Notrobust -
disadvantage | for complex link pressed problems because of
system and frequency over wide pole/zero
SISO information area: cancel-
to states lations

The improvement obtained with the Hoo controller with setup 3 is the maximum to obtain with
the process in the control loop. Causes for this were denoted in paragraph 4.3.
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6. Controller implementation

This chapter discusses the implementation of the best performing controller from the previous
chapter. First the controller reduction is outlined briefly, after that the transformation to the z
domain is treated. Finally implementation results are given.

6.1 Controller reduction

As mentioned before, the Hoo control design method designs controllers that are of the order of
the process together with the order of the filters. As a consequence the designed controller is of
the order 56. It is possible to reduce this order with methods that were also used for reducing the
order of the process model in section 4.2.2. An acceptable reduction to a 32 order controller
could be obtained. Figure 28 shows the controller together with the reduced controller.
Evaluation in a Nyquist plot of this controller with the measured system (not shown) revealed
that the closed-loop did not come closer to instability by the reduction. The performance of the
reduced controller improved slightly in X direction and degraded in Y direction, within
acceptable margins.

Controller
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Figure 28:Controller reduction
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6.2 Controller digitization A
Implementation of the reduced controller had to be done with D-space, which requires that the
continues-time controller is converted to the discrete time domain. It was found out that the
approximated maximum sample frequency with which the used D-Space system could work,
with this high order controller, was 5 kHz. Figure 29 shows the pole-zero map of the reduced
controller. The fastest pole is located at approximately 3476 rad/s = 553 Hz, so the digitization
with 5 kHz should be possible.

Pole zero map
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Figure 29: Pole-zero map of the reduced controller

It was found out that conversion to the discrete time domain at 5 kHz with the zero-order-hold
(ZOH) approximation was less accurate than Tustin’s method ( both methods are described
briefly in the next paragraph). With a previous designed controller, this inaccuracy of the ZOH
method even lead to an unstable closed-loop system.

Figure 1.1 shows the magnitude plot of the continuous time controller and the digital controller,
digitized with ZOH, figure 1.2 shows the same plot when the controller is digitized with the
Tustin approximation. It can be seen that Tustin’s method approximates the controller better
than the ZOH method, especially at high frequencies. With the mentioned previous designed
controller, that did not perform satisfactorily, the difference was more clear. In that case the
MIMO Nyaquist plots showed that indeed the incorrectness of ZOH at high frequencies lead to
an unstable controller.

Digitization by the ZOH method is done with Matlab as follows:
-1 1

H(z)=%"—. Z{—- H(s)}
Z

s
Where Z denotes the z-transformation as described in e.g. [4].
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Digitization by the Tustin method uses the approximation:

T is the sample time. For Tustin’s method it can be calculated how high the error in placing
poles and zeros in the z-domain is as function of the frequency*T, and the damping. This error is
equal for zeros and poles. Tustin maps the complete imaginary axis of s-space onto the unit
circle in the z-domain (s=jo=inf->z=-1), while the ZOH-transform only maps the part till half
the sampling frequency (s=jws/2->z = -1). Consequently the Tustin transform performs better
for higher frequencies and suffers less from aliasing. ')

AL BLreNe

As a consequence, the controller digitized with Tustin’s method was used for implementation in
D-Space. Simulations showed that the digitization did not degraded performance at all, and also
the MIMO Nyquist plot did not show any differences.

6.3 Implementation results

The digital controller was loaded in the D-Space system and connected in the loop as can best
be grasped by figure 10 on page 11. The lenstop acceleration signals were fed into the D-Space
A/D converters, while the actuation signal was taken from the D-Space D/A converters and fed
into the airmount system. Open-loop and closed loop measurements of the lenstop acceleration
signals have been performed again with noise on the airmounts in Rx and Ry direction. This
time the resulting RS position errors were also measured. Furthermore it was possible to run a
job on the testrig/800 and again trace the lenstop acceleration signals and RS position errors,
open and closed loop. In all situations 15 tracefiles were obtained, and the discussed results are
the mean over these tracefiles. Figures resulting from the measurements can be found in
appendix L.

6.3.1 Results during airmount noise

The PSD plot of figure 1.3 shows that the implemented controller indeed reduces the lenstop
acceleration at certain frequencies. It can be seen that the lens resonance frequency, 84 Hz,
dominates the PSD, and that the controller is very well able to reject this resonance at the
lenstop. Although less visible, the figure also shows that resonances around this frequency are
suppressed also.

The cumulative PSD plots (figure 1.4) of the lenstop acceleration show a promising picture.
Because the lenstop frequency is so dominating during noise on the airmounts and the controller
suppresses this frequency well, the performance improvement is very well visible. Expressed in
acceleration RMS values, also used during simulations to calculate improvement, the
improvement was 35 % in X-direction and 60% in Y direction. For the X direction this matches
almost exactly with the simulations. The improvement in Y direction is considerably higher
than was simulated (33% improvement). Probable causes are the model and resulting simulation
errors but also errors of statistical character. Measurement time was short and therefore not
more than 15 tracefiles could be made in all situations, which is not enough to filter out
statistical errors.

R S
Qs |
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The RS position error that results from the lenstop accelerations were traced also. PSD and
cumulative PSD plots can be seen in figure 1.5 and figure 1.6 respectively. The results shown in
these plots are disappointing. The controller does not provide any observable performance
improvement. Closer study learns that there are a few frequencies (e.g. lens frequency) that are
damped, but performance is also deteriorated at other frequencies.

In section 2.3the influence of the lenstop acceleration on the reticle stage position error was
discussed. The RS position error could be derived from the measured lenstop acceleration and
was confirmed with measurements. It could be seen that also during noise on the airmounts the
influence of lenstop acceleration on RS position error was considerable. This derivation was
deliberately done while omitting the present solution to suppress disturbance by lenstop
acceleration, an extra feedforward from the accelerometers. This feedforward was also turned
off during the position error measurements at that time, which was forgotten during controller |
implementation.

It is known that the feedforward operates well around a frequency of 90 Hz, which is close to
the lens frequency. Therefore the influence of lenstop acceleration in this frequency area on the
RS position error becomes much less, and suppressing the acceleration at especially the 84 Hz
frequency does not lead to a smaller RS position error.

6.3.2 Results during the run of a job

It has been emphasized often that the excitation of resonances with airmount noise is different
than the excitation during a job. The Heo controller was designed with an input filter on the
actuation signal and simulated with lenstop acceleration data obtained during noise on the
airmounts. In section 5.4.2it was explained that this was convenient when working with noise,
but that this did not give any guarantee of performance during a job, because of the possible
different shape of the disturbance, the measured lenstop acceleration. In section 2.1 was shown
that on proto1/500 the disturbance indeed was shaped different during a job and noise.
However, the frequency peaks are a result of the same resonances, consequently they will be
accounted for, only in a different proportion.

With the implemented controller open and closed loop measurements have been performed
during a job. Figure 1.7 and 1.8 show the resulting PSD and cumulative PSD plots of the lenstop
acceleration. The PSD plots have a low resolution because only data during a scan movement
could be used. However, it can be seen that especially the resonance around the 70 Hz are
excited. The lens is also excited. This is a pleasant finding, because the designed controller is
well capable to damp these resonances. The cumulative PSD plots show that indeed a
considerable improvement is obtained. In terms of RMS percentage the improvement in lenstop
acceleration is no less than 100 % in X direction and 60% in Y direction.

In figure 1.9and figure 1.10 the PSD and cumulative PSD of the resulting reticle stage position
error can be seen. The problem of the previous section, the fact that the RS position error does
not decrease, does not apply here. It is the 70 Hz frequency that dominates the acceleration and
the level of acceleration is much higher than during excitation with noise. The feedforward does
not operate well at 70 Hz and consequently the contribution of lenstop acceleration to RS
position error is much higher during operation. The resonance peaks do stand out in the PSD
plots and they are suppressed quite well. The cumulative PSD plot shows performance
improvements in both directions. The RS position error during a job is reduced considerably,
from 16 nm to 10 nm in X-direction. In Y direction the reduction is less, from 7.5 nm to 6 nm.
The relative improvement goes up when one would only look at the area that was focussed on
during control design, 50-110 Hz.
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7. Conclusions and recommendations

This chapter concludes this thesis by presenting some conclusions about the design of the
controller for lenstop vibration damping. Furthermore recommendations on the possible
application of the controller and obtained knowledge is given.

7.1 Conclusions

It is possible to actively damp lenstop vibrations of an ASML wafer scanner with the use of the
existing airmount system. This was proven on one scanner, testrig/800. Despite skepticism of
this possibility that raised after measuring the transfer functions in order, a combination of
several computational design techniques in different phases of the design process, lead to a
controller that was able to damp the lenstop vibrations up to substantial extent.

The process from actuators to sensors in the control loop is so complicated that it is very hard to
improve the obtained controller performance above marginal quantities with the same actuators
and sensors. This applies for the scanner used in this research but is likely to apply to all
scanners, because there is no indication that the process is less complicated at other scanners.
Limiting factors that stood out during control design were model uncertainty and non-minimum
phase zeros. The model uncertainty can be lowered by improving the model, however this will
be very difficult and will lead to a higher order controller. There is no way of avoiding the non-
minimum phase zeros with the present process.

Of the controller design methods that were tried out the Hoo controller design method is the
most appropriate method to use for the problem of damping lenstop vibrations. The process has
multiple inputs and multiple outputs and is too complex to obtain considerable lenstop damping
with a controller designed by a classical design method. The LQG control design method is very
inconvenient to work with for this design task. The main burden is the discrepancy between the
fact that all information is present in the frequency domain and the fact that LQG controller
design requires information in the state-space domain. The Hoo design method is powerful
enough to calculate a high order multiple input multiple output controller that is necessary for
actively damping of lenstop vibrations with the airmount system. Needed design information,
e.g. performance requirements, can be provided in the frequency domain.

The best augmented plant used for the Heo controller design for lenstop vibration damping is the
plant that has filters for performance and robustness requirements and two disturbance input
filters, one located at the input and one at output of the process. The input filter on the input of
the process is the most convenient way to stress additional effort at resonance frequencies. The
input filter on the output of the process leads to the so-called four-block problem which prevents
pole-zero cancellation that results from the mixed sensitivity problem. Consequently the mixed
sensitivity problem lead to unrobust controllers, that became unstable in the closed-loop, while
with the controllers resulting from the four block problem inherently some robustness was
obtained. Still, the robustness could not be guaranteed because of the large model error.
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7.2 Recommendations

This report can be seen as a feasibility study for active damping the lenstop vibrations with use
of the airmount system as actuator and lenstop accelerometers as sensors. The previous section
provided a positive answer to the question if this is possible. This does not imply that the
designed controller should be implemented in all scanners right away. The pros and cons of
implementation have to be weighed up against each other, which is beyond the competence of
the author because of limited knowledge of the scanner and implementation consequences.
However, a few important remarks can be made:

- As was mentioned in the previous section and outlined in the report, robustness of the
controller could not be guaranteed. This is a great disadvantage. Before a possible
application it has to be researched if and when implementation on other scanners leads to an
unstable closed loop. When small variances of resonance frequencies lead to instability, this
can possibly be coped with by improving the design with the p-analysis method.

- The controller was designed to damp vibrations at the top of the lens. It is unknown what
the consequences are at other locations of the scanner. It is possible that the whole
resonance vibration has been damped. But, it is also possible that the problem has been
shifted and the resonance causes disturbance at another location. Thus, it has to be
researched if this is the case.

- For each scanner type a different controller has to be designed because of different dynamic
behavior. Because the testrig/800 is equipped with a dummy lens, the controller has to be
redesigned for other /800 scanners. They will be equipped with a real lens and therefore
posses other dynamic behavior also.

- The designed controller was implemented with a sample frequency of 5000 Hz. Motion
controllers used in scanners work with a sample frequency of 2500 Hz. A quick check
learned that it is probably very well possible to reduce the implementation sample frequency
to this value. Consequently, when enough calculation capacity is present in the motion
controllers, the controller to damp lenstop vibrations could be implemented in these
systems.

- The possibility of damping the lenstop vibrations with the airmount system should be
researched for the new Twinscan systems. Exactly the same design process based on Heo
design outlined in this report can be followed for this research. Because the Twinscan
systems possess improved mechanical properties it well be possible that the design is

easie obtainable performance improvement is higher.
- There is something € fves some thoughts: This report showed that the airmount

NS\ system is capable of damping of vibrations that are excited in the scanner. The sensors that
were used were located far away from this actuation system. It is well known that non-
)).;) N collocated control of flexible structures faces severe robustness problems [1]. These
\ % problems were one of the limiting factors during this design. The location of the airmount
*{F / system can not be changed. But when other sensors located closer to the airmount system
Wrgﬂf) / could be used in the control loop, it may well become possible to obtain a much less
/ complex transfer function. Consequently an easier design that leads to a better performing
and more robust controller, may arise in this case. With better performing, performance
/’ improvement at the location of the new sensors is meant and not at the lenstop. At the
lenstop the obtainable performance improvement will we less, because not all disturbance
will be observed. But resonances are even more critical at other positions, closer to the
airmount system. Locating the sensors near these positions makes it possible to damp the
@\inﬂuence of the resonances at these position with the airmount system.
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Appendix A: Disturbance PSD-s
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Figure A.2: Lenstop acceleration PSD during noise on AM-s on /500
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Nyquist plot;Controller is pure gain in X

Figure D.1: SISO Nyquist plot for X controller with only gain

Nyquist plot;Controller is pure gain in Y

Figure D.2: SISO Nyquist plot for Y controller with only gain
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Nyaquist plot;Controller consists of low-pass filters; Xto X looptransfer

Figure D.5: SISO Nyquist plot for tuned X controller

Nyquist plot;Controller consists of low-pass filters; Y to Y looptransfer

E

Figure D.6: SISO Nyquist plot for tuned Y controller
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Nyquist plot of open-loop system

sixe AreuiBeuws
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Figure H.9: MIMO Nyquist plot with measured system

x 10° X cumulative lenstop acceleration
I I [ T T T
(2] T A GERLER :ﬁ 777777 e OO L
— e e o g
“'(\,,4' - "f""‘f}?r%P;lL' FEv S e B T R S
E [ | :
2 ,: ,,,,,,, 1 ............. L S —— ! ! s -
‘ | | —— openloop |
U= o 1 I closed loop
O - e . L - 1 1 I W=D
0 50 100 150 200 250 300 350 400
F ency [Hz
x 10° Y cumulati\rengrenstzg ac]celeration
I T T ] T T x
6 - - = S, l R NI SR S—
}’ | :(/77;;,,, L _ — 1 |
PP S » oSN T S L
Q | | | s s i ! ! i
E { | | | |
SR, fUE - - SESES Mt RS .
I : ; :
o I 1 1 : 1 1 :
0 50 100 150 200 250 300 350 400

Frequency [Hz]

Figure H.10: Cumulative PSD resulting from simulation

Active damping of lenstop vibrations 77



ion results

lementat

imp

Controller i

Appendix |

Controller

it ot et . 3
R
AT
| |
EU M I
PR 4
! i
s b b owow Lo 2
i —_—
o g
| I
Sodcoro=ET wm
g
w
S
N
i
.ﬂﬂh.. I T T T |
w 1 1 1 ] ! | ]
1 1 ! 1 i ]
m 1 1 " 1 o L Il i /“/_ "o
N 2 ? 8 & = er g 8 8 § R ¢ e°
[ap] x o1 A Bepy ) 5 {8p] x 03 A Ben [ap] A 01 A Bew
20 B
3 =
N 8
3
3
€ b= al [£=T L;L|H|<_1|r1|aw
m m W e o = S g e = g =
= —Tr 1 7 A R D B
5E Qo mm TToCalofTicoooind
G .. 7 1 i 1 i
Wm ~ e ol g = e = e s
*7 — _ ! VT G I S T
] I 1 H ! 1
m [ !
- P -
z S0 oo i
°f & e - g
3
g g
w u.
I _\_ ] T . T N
1 t ] i | ]
T TR T T T STTT T [ i
| i ! ] I | 1 I i ]
i 1 1 ] ] ] i I ! i | ]
! 1 1 L 1 "o ! o 1 i 1 | { ©
¢ 8 R 2 ° 2 & §°7 ° e § 8 &R 2 °© 2 8§ 87
[@p] x 01 x Bew [ap] A 01 X Ben [ap] x 01 x Bew [ap] A 01 X Bepy

Active damping of lenstop vibrations

Figure 1.2: Controller digitized with Tustin’s method

78



o ASML

Appendix I: Controller implementation results

TU/e

noise, LA

(=] (=] (=]
T m T i I : mm T I T T m
| b ] — | | 1 |
m | | | @ | ! ,# | |
2 - TR
£ m , | | nnv o | | | Ro.v
== el e SR - e e s R S
, w | | | o % m, r“ ] “| (]
= & Lo iR E 2 il
185 W l “ A p“ | i , 1
Imm m 3 ll\p\\;\\\“\mmyxm 1\\,r\\L.\\L\\\“ywwxw
dm = | 1 -] i | A
C © a0 I 1 mm E Ll
20 = R Gy
| W | 7 | 1 |
| Q = | | | Q | i | | Q
Hl o N S ol et L SRS B B R R e R e 2
2] — = | I = 2] | ; | o
N N .8 w | | l | N |
= £ 3 - B ] T | ,
= I+ | | | | ' | |
S D 3 8 = | | 4 > | | |
om m < mlllﬂ1\4 :x|11<xwm e el e il bl SRl w
2% nu.v w 5 | | i 2% | | | | N
g g S = “ L g T R
e _m w. % i 1 _H 1 I 1
== i i l
ROV m m I||r<\;“4,..,.“xxtr 11% T||r14L14...”|x1,r \|R0u
. K B TR R
. ¢ | | I | ﬁ. i
o ! l l | ﬁ_ |
Nl | | i | | |
= \ o \ \l
g ‘, PR S 5.5 0 U - I 0 4 O -
- & M| e N
— ..nFl. i /7/"j/,l I %’z,
= R ! ! ey
B 1 vr,«,r I ,/_,
2 o =i L aliazen . ailn \-1g R 71,1411%
= ) LT : ! i : @T ” ,, ” f/y
| | e © | | | @ ) | b
i s | | ,‘ ,.AH.!,, o i ” | ! J o ! W ' ]
| W l | ,W, - i | i 1 \ - | i | )
L 1 o 1 It 1 | o x [ | i 1 o x | 1 I o
o o o o o o o o < o) o o e o o o
8 &8 8§ 8 8 8 8 &8 § 83 8 8 0 s il © ol il
T v T T 9§ T v T T %9 [$/w] X ooesus| eAeINWND [ S/w] A S0BSUB| BAEINLIND
[2H/,{;S/w)] @p X ooesue) [2H/,(;5/w)] @p A ooesus)

79

Frequency [Hz]
Figure 1.4: Cumulative lenstop acceleration during noise

Active damping of lenstop vibrations



‘t‘ ASML Appendix I: Controller implementation results TU /e

noise, RS position error

I

1 1
: | —— Undamped
7~ Damped by controller |

X dB [nf/Hz]

Y dB [m%/Hz]
=
£<
=
=
e

420 s e 23 g o Baime s e e
roo : : : | |
_440 L L I L | .
0 50 100 150 200 250 300 350 400
Frequency [Hz}
Figure 1.5: RS position error during noise
X 10'9 noise, cumulative RS position error
5 | T I T I I y
i | | e
‘‘‘‘‘ Bl - e st GhEELS i fiatia e
1 — | | | ! |
Rl B F ****** VR i ey T ]
> P Z l ’ ‘ ‘
xz“"”’};// """" e " |~ Undamped ]
1l- // | | , — Damped by controller

1

0 50 100 150 200 250 300 350 400

Frequency [Hz]

Figure 1.6: Cumulative RS position error during noise

80 Active damping of lenstop vibrations



s ASML

LA during job

Appendix I: Controller implementation results

TU/e

(=] m Q
n § g — T T ¥ TR
qv. ( i h.fu | \ i I
3| ; - 12, . A
| el 0 L= 0 |L____ Lo ] .mx [\\,\\_\117\\\_41|0
S 3 3 1 1 879 o e fae
| i > | i I
g R g
w £ | Am'w I [ |
Imp D LR, - N S TR | I o Y BRI S [ o)
© = (o]
35 £ 5 1 B & | i | |
c & P I € @ | | | |
S a = I W,,,UD, i i i !
i | |
m o o :W e i ,/H 7 o | | ” , o
2 8 § &Ll Ht-d-i--i-1R
- = Yo 8 o | el S =
=, L 8 5 ” ,v L oW e
L © [ | | ! !
> > —~ >
S, o © | R oo o I S 1!\,\\\gr\|0
g8 g8 & 3 Vit Rg 7118
3 3 M. W | | m 1 i i |
£ Eg gl | LR
| o o gl i m w = [N SOSR SSR fO S w I\Jrln.riufu»ryrx:.ou
= - M 3 | [ | ! ~— ! 1\ | | p=-4
B (&) | ! ! | i |
N hﬁ | a | '
oy ” | ” L %
| - iy R IS WS . ST 8 P [ NN P, T 8 38 (NS PR ) SRR ORI R
8 = S Al 2 sk 3=
: .80 . \ °x
—t R, /\‘Lvl‘\ [/]fﬁl /‘:/FfLAr 2 ,. ”
| 2 [ T . I | | '

I PR - o < | ! / I | j,
L 8 R I e e
| W | | | 1 \
| M I ! \ | | 1
) 1 ; j f, j e

B T m © 0 g ©o° £ 2 @ % § o°
D S B ] ] = ) S = 5 g 8 W S
- b o ; : o M o o s 3 3 g S
4 w JJBeSsu9 V4 S/ J0esu9
H I\NANw\ v_ ap X | _“ I\NAN / Z ap A I _“%\E_ X 9%EBSuU3| SAljejnNWND _“Nm\c.: A J0BSUS| BAlje|InWND

81

Frequency [Hz]
Figure 1.8: Cumulative lenstop acceleration during job

Active damping of lenstop vibrations



o ASML

TU/e

Appendix I: Controller implementation results

X dB [n?/Hz]

Y dB [m?%/Hz]

X [m]

1.5

0.5

RS position error during job

I I I )
; r——' Undamped ‘
" Damped by controller |

]

= I

0 50 50 200 250 300 350 400
Frequency [Hz]}
Figure 1.9: RS position error during job
x10° Cumulative RS position error during job
I T 1 T T T T
i A —— ! l
____ ' R B At e L e it i) ) o - i) IRt ek | . t S R e
777777 *r RO, SN SUIOITSre. IR, SN RN RE MLl
s i D I I 45
.__,M,j,ﬁ,, AN e F o —— Undamped -
/ﬁJ | ‘ ! ~— Damped by controller ‘(
0 50 100 150 200 250 300 350 400
P Frequency [Hz]
x 10
f | [ B I ————
T : | : |
Y NS B R S ,
| ,( | | | | | i
= S e P e | Sk Tt e f ]
| /"' | i | | | 1
,,,,,,, e oy e e ampdd, =i du e I
0 50 100 150 200 250 300 350 400
Frequency [Hz]
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