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Sammanfattning 
 
Laserritare som används i framställningsprocessen för halvledarkomponenter och plattskärmar 
kräver stor noggrannhet. För att uppfylla kraven är laserritarna utrustade med en aktiv 
vibrationsutrustning som reducerar störningar från golvvibrationer och tröghetskrafter som 
härrör från maskinens positioneringsenhet. Optimering av den aktiva vibrationsisoleringen skulle 
inte bara förbättra isoleringen av maskinen, utan även minska kostnader genom att förlänga 
livslängden av förbrukningskomponenter och utöka serviceintervallen.    

Den aktiva isoleringen är baserad på en framkoppling av positioneringsenhetens rörelser i 
kombination med frikopplad decentraliserad återkoppling på enhetens hastighet och position. På 
grund av den mekaniska strukturen existerar korskoppling mellan de olika axlarna. 
Korskopplingen antas begränsa prestanda som kan uppnås med den aktiva isoleringen, och 
strategin är således att ta fram en frikopplingsmetod som ger en optimal reglerstruktur. Eftersom 
störningarna till största delen orsakas av positioneringsenheten har framkopplingen en betydande 
roll i systemets prestanda, och har därför fått huvudsaklig fokus i detta arbete.    

Det här arbetet kommer att behandla de teorier som berör aktiv vibrationsisolering av hög- 
precisionsmaskiner i allmänhet, och traditionella reglermetoder används sedan för att applicera 
dessa på en verklig maskin. Olika frikopplingsmetoder baserade på olika grader av 
systeminformation används för att uppnå en optimal reglerstruktur, och möjliga förbättringar är 
utvärderade i avseende på stabilitet och prestanda. Designen av reglersystemet är huvudsakligen 
baserat på en matematisk modell av systemet, och med en ursprunglig design som är baserad på 
experiment och manuell justering, utgör detta arbete en jämförelse mellan dessa metoder. 
Metodernas giltighet har utvärderats både via simuleringar i modell och även genom mätningar 
på det verkliga systemet.         
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Abstract 
 
Laser pattern generators used in the manufacturing process of semiconductor chips and flat panel 
displays require a high degree of precision. In order to meet the requirements, the laser pattern 
generators are equipped with an active vibration isolation frame that reduces disturbances caused 
by floor vibrations and inertial forces emanating from the machine’s positioning unit. Optimizing 
the active control of the isolation system would not only improve isolation performance, but also 
reduce the cost of ownership by extending the lifetime of consumables and stretch service 
intervals.  

The active control is based on a feedforward compensation of stage movements in 
combination with a decoupled decentralized feedback system. On account of the properties of 
the mechanical structure, there is cross-coupling between the axes. This cross-coupling 
phenomenon is assumed to limit the control performance of the active isolation, and the strategy 
is therefore to develop a decoupling method that gives an optimal control structure. With 
disturbances that are primarily caused by the positioning unit, the feedforward control is 
important for the isolating performance and will be the main focus of this master thesis.  

This thesis will cover the theories of active vibration control of high precision machines in 
general, and traditional control methods will then be used to apply these to a real system. 
Different decoupling strategies based on different levels of system knowledge are used to 
achieve an optimal control structure, and the possible benefits are evaluated in terms of stability 
and performance of the control system. The design of the control system is primarily based on a 
mathematical model of the system, and with an original design that is based on experiments and 
manual tuning, this thesis offers a comparison between the two methods. The results are 
validated through simulations in the model as well as in experiments on a real machine.  
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Chapter 1

Introduction

Advanced electronic products have come to play an important role in our
daily lives. Laptops and computers are vital components in any business to-
day, and can at the same time serve as an entertainment station and organizer
at home. Mobile phones in pocket-size are able to, in addition to the obvious
functions, access the Internet, keep appointments, play multimedia �les and
much more. A modern car can contain over �fty microprocessors that con-
trol everything from the stereo and climate module to safety functions such
as airbag, anti-lock braking systems (ABS) and electronic stability systems
(ESP). Everywhere there are examples of when computers are integrated in
products to improve their performance and make them more usable.

1.1 Background

In 1947 the scientists John Bardeen, William Shockley and Walter Brat-
tain invented the electronic semiconductor component called the transistor,
a component that was going to revolutionize the computer industry. Rapidly,
the transistor began to replace the electron valves, which had been one of
the main components in computers up until this period. In the middle of
the sixties, about twenty years after the invention of the transistor, the �rst
integrated circuits (IC) was constructed. The integrated circuits were built
using photographic methods to etch conductor patterns onto a silicon piece
which enabled several components to be attached to the piece and connected
to each other. By connecting di�erent semiconductor components in a cer-
tain way, it was possible to build up logical gates, which immediately were
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1.1 Background Introduction

Figure 1.1: Development and some applications of semiconductor chips

used in the construction of computers [1].

In the beginning of the seventies, there was an enormous development
in the semiconductor business. At the same time, Intel introduced the �rst
chip with an integrated CPU, which lead the way for the development of the
microprocessors of today, and further contributed to the progress of semicon-
ductor components. As the components became smaller and less expensive,
the market for personal computers increased.

The rapid progression of electronic products during the last decades has
led to faster operation speeds and decreased the size of the electronic com-
ponents (�gure 1.1). This phenomenon is described in the so called Moore's
Law, founded by Intels co-founder Gordon Moore in 1965, which claims that
the number of transistors that can be placed on an integrated circuit will
double approximately every two years [2]. This long term trend observation
of the development in computer and electronic hardware has in�uence on
processing speed and memory capacity in computers. However, this puts
harder requirements on the companies involved in producing these products,
and forces them to constantly develop more advanced techniques in order to
compete for customers.
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Introduction 1.1 Background

1.1.1 Microlithography

Microlithography is the name of the manufacturing process used to produce
the di�erent semiconductor components that an integrated circuit consists of.
The basic idea is to copy a pattern from an original template (photomask) of
the circuit onto a photosensitive resist material by exposing it to ultraviolet
light through the photomask. The microlithography process can have several
applications but this section will focus on the one used for semiconductors.
The procedure is basically the same for other applications like �at panel
displays and electronic packaging.

The �st step in the manufacturing process is to produce a template of the
pattern, the so called photomask (or just mask). A complete photomask set
can consist of several photomask layers used to produce the di�erent layers in
the semiconductor. An advanced semiconductor chip can require as many as
40 di�erent mask layers. A photomask layer is produced by using one of two
methods, either by using electron beam or laser based systems. Sometimes
a mask-set is produced by using a combination of the two methods, where
electron beam systems are used to produce the most advanced layers of the
set [3]. The photomask usually consists of a transparent glass plate coated
with a thin layer of chrome and functions similar to the photo negative in
the photographic process [4]. When the mask is exposed to a light source,
it only allows some of the light to pass through, according to the original
pattern, see �gure 1.2.

By using the photomask as a template the pattern can now be mass
produced on silicon discs called wafers, where a single wafer can result in
about a hundred semiconductor chips [5]. Before exposure, a light sensitive
photoresist is applied to the wafer which is later exposed to ultra violet light
(�gure 1.2). The light triggers a chemical reaction that removes the exposed
resist on the wafer and reveals a pattern of photoresist made by the mask
[5]. A typical exposure system, often called a stepper, consists of three parts;
a lithographic lens, an illumination system, and a wafer positioning system
[2]. The lithographic lens reduces the image of the mask so that the image
printed on the wafer is typically four times smaller than the photomask [5].

In the succeeding steps, the captured image is transformed into a perma-
nent part of the device by a series of chemical etch and deposition processes.
While the photoresist acts as a protection for the desired structure, any
unprotected material is etched away using chemicals leaving the desired pat-
tern visible. Di�erent layers of the semiconductor are then interconnected
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1.1 Background Introduction

Photomask

Wafer

Photoresist

UV light

Figure 1.2: Functionality of the photomask

through a uniform coating of metal wires building up a network of electrical
circuits [2]. The above procedure is then repeated 20 - 40 times, each time
with a di�erent photomask [3]. When a chip is �nished, it is tested and
packaged before it can be assembled in electronic equipment like laptops and
computers.

1.1.2 Micronic Laser Systems

Micronic Laser Systems AB (later referred to as Micronic), is a Swedish high-
technology company which specializes in the development, manufacturing
and marketing of laser pattern generators for the semiconductor and display
business. Micronic is located in Täby, just north of the Swedish capital
Stockholm.

History

The company was founded in the early seventies by a couple of researchers
from the Royal Institute of Technology in Stockholm. Their vision was to
develop equipment that was able to produce photomasks for the semiconduc-
tor industry. About fourteen years later, their research was realized and a
�rst generation of laser pattern generators was introduced to the market [4].

When the semiconductor industry had a downswing in the beginning of
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Introduction 1.1 Background

the nineties, Micronic was forced to seek other markets for their technol-
ogy. Fortunately, this was the time when laptops and �at panels displays
�rst appeared on the market. This led to new opportunities for Micronic,
who used their knowledge from the semiconductor business and applied it
to develop new laser pattern generators that could produce photomasks for
manufacturing �at panel displays.

Micronic is continuously seeking new markets and other ways to expand
their business. As a result, they merged with the Swedish company MY-
DATA in July 2009. MYDATA designs and builds advanced surface mount-
ing technology (SMT) placement machines and stencil-free printers for the
electronics industry [4].

Markets

Micronic has around 10 major customers where the majority is to be found in
Asia. Some are commercial mask shops that are subcontractors to electronic
manufactures, while other are large electronics manufactures with own mask
shops like Intel, Samsung and LG [3]. Micronic's focus are concentrated
around developing laser pattern generators for the semiconductor, display
and electronic packaging markets.

The progress of semiconductor technology is often divided into di�erent
generations, also referred to as nodes. Every new node is a new generation of
chips containing approximately a twofold increase of the number of transis-
tors on the chip. Over the last couple of years, the trend in the semiconductor
industry is mowing towards a more cost e�ective production rather than pro-
duction for the most advanced nodes. This is mainly because the cost e�ort
to produce masks for the most advanced nodes has increased dramatically.
Micronic is entirely devoted in develepment of laser based pattern genera-
tors, which is able to write a majority of the photomask layers a lot more
cost e�ective than electron beam systems [3].

All of the display photomask are currently manufactured using laser pat-
tern generators, and Micronic holds a strong leading position of this market.
The photomasks are necessary for production of �at panel displays for televi-
sions, laptops and mobile phones. The most common production technology
is the Liquid Crystal Display (LCD), followed by Plasma Display Panels
(PDP). Similar to to the semiconductor chip, a display contain di�erent lay-
ers requiring the same amount of photomasks. A LCD display can have up
to ten di�erent layers requiring ten di�erent photomask layers. The trend in
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display market was previously aiming towards larger panel sizes, but is now
more and more dominated by higher image quality and cost e�ciency [3].

The demand for portable electronic products has increased dramatically
over the last decade and put tougher requirements on the electronic packag-
ing. More complex products with advanced features and small sizes force the
manufactures to reduce the size of the components without raising the cost
for manufacturing or materials. Packaging is currently divided in two steps
where the �rst is performed on a silicon wafer before it is cut into di�erent
components, and the second step is performed on a microcircuit board (sub-
strate). The interconnections are created by using traditional lithography
methods with photomasks and exposure systems [3].

1.2 Objectives

The production of photomasks requires extreme precision, and the laser pat-
tern generators must be able to position a scanning laser spot on top of a
glass substrate with the accuracy of 10 − 100nm. In order to meet these
requirements the laser pattern generators are equipped with an active con-
trolled isolation frame system that reduces disturbance from �oor vibrations
and inertial forces from the movement of the pattern generators positioning
system.

The active support isolation consists of four actively controlled pneumatic
isolators with the objective to reduce the high frequency disturbances from
the �oor, as well as to keep the isolated unit in a constant vertical position.
This is achieved by measuring the absolute position of the unit and individ-
ually controlling the pressure inside each valve. In addition, each isolator is
equipped with sensors to detect the motion of the isolated unit, and elec-
tromagnetic force actuators to compensate for the sensed motion. Further
description of the active support isolation system will be given in section 2.2.

1.2.1 Prerequisites

A preceding master thesis was carried out by Davide Ivone, a student at the
mechatronics department at The Royal Institute of Technology, see [6]. The
objective of the thesis was to develop an mathematical model of the active
support isolation and verify it through experiments on a real machine. The
model has been developed in MATLAB/Simulink which o�ers powerful tools
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for analysis and simulation. As a next step, the opportunities to improve the
control performance will be considered.

The vibration isolation system is provided by an external company which,
among other things, delivers active vibration systems for research, metrology,
lithography and medical systems [7]. The company installed the system and
tuned the parameters of the controllers, which led to a limited knowledge of
the system and its performance. The control system was tuned based on a
combination of experience and on-line tuning. However, it is believed that
the performance can be further improved, and by applying a control that
is primarily based on the model of the system, several advantages could be
achieved. First of all it can give improved insight into system performance,
so as to determine where improvements could be realized. Secondly, analysis
and simulation could be done without the real system present, which in this
case is installed in a cleanroom, carrying expensive and vulnerable optics. In
addition, a model based approach would simplify the control design in case
changes are made to the machine, or when the active support isolation is
installed on a entirely di�erent machine.

1.2.2 Problem Statement

The ambition to achieve shorter lead times puts high requirements on prod-
uct stability, which to a great extent depends on performance margins and
equipment stability. Through a review of one important component in Mi-
cronics product line, this thesis strives to reduce service intervals and improve
performance margins of the product. The objectives can be summarized as
follows:

1. As the pneumatic isolators are being used and exposed to di�erent
types of disturbances, the ori�ces of the valves become worn out. This
will eventually lead to increased vibrations in the system and make it
more di�cult to maintain a static position. Service and replacement
of malfunctioning valves thus becomes a necessity. It is believed that
with an overall improved control of the force actuators, the workload on
the pneumatic valves could be reduced. Improved position control in
the lower frequencies where the pneumatic dampers are active (below
1Hz), could also assist the isolators and reduce the e�ect of a poorly
functioning pneumatic valve. These two factors could possibly prolong
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the lifetime of the pneumatic valves and consequently reduce the service
exchange intervals which would lead to reduced costs.

2. During writing, the laser pattern generators use a horizontally mov-
able X-Y stage to position the masksubstrate under the exposing laser.
When accelerating the stage back and forth, reaction forces induce
vibrations in the mechanical structure. The active support isolation
e�ciently reduces vibrations around resonance frequencies of the struc-
ture, as well as high frequency �oor vibrations. However, disturbances
caused by movement of the X-Y stage is low frequent, typically below
1Hz, and insu�ciently reduced by the isolation system. This causes
displacement of the isolated unit which has negative e�ect on the writ-
ing precision of the laser. Due to the constraint on accuracy, it is de-
sirable to improve the control performance in the low frequency region
to keep the isolated unit within a speci�ed absolute position.

3. Improved performance of the control system will also increase the per-
formance margins of the entire system leading to higher tolerances for
process variations and make it possible to decompress other require-
ments on the system.

1.2.3 Control Strategy

The isolated unit is able to move freely in space i.e. the active support isola-
tor realizes a six degree of freedom (DOF) isolator. Hence, the control will be
based on multiple sensor inputs and controlled through multiple force actua-
tors. The strategy is to apply decoupled decentralized control independently
on each of the six vibration modes connected to its degree of freedom. Rela-
tively simple and robust controllers are then used to modify the mechanical
behavior like damping, sti�ness and mass of the isolated unit.

On account of the properties of the mechanical structure, there exist
cross-coupling between the axis. This cross-coupling phenomenon is assumed
to limit the control performance of the active support. So as a �rst step,
di�erent decoupling strategies will be reviewed and analyzed in order to get
an optimal control structure.

Since the disturbances are primary caused by the inertial forces from the
positioning system of the pattern generator, and therefore can be considered
predictable, the control is based on a feedforward controller. With four inputs
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and six outputs, tuning of the controller can easily become time-consuming
and complicated. With a model-based approach, this tuning procedure could
be simpli�ed and possibly improved.

To further improve the control performance and to reduce unpredictable
disturbances, the feedforward control is combined with two feedback loops.
The feedback path are based on measurements of velocity and position, with
electromagnetic force actuators to compensate for the sensed motion. Poten-
tial improvements with an optimal decoupled control system will be analyzed
in this thesis, as well as the possibility to minimize the displacement caused
by stage movements.
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Chapter 2

Active Vibration Control

When a mechanical system is unable to meet speci�cations due to the pres-
ence of a vibration source, isolation of the structure becomes necessary. Con-
sidering the increasing high-technological development, vibration isolation
has become a common problem in the �eld of mechanical engineering. In
general, the objective is to isolate a piece of equipment from the vibration
of a base structure by modifying the dynamic behavior of the mechanical
structure.

2.1 Active and Passive Isolation

Vibration isolation can be divided into the categories passive and active iso-
lation, which in two di�erent ways deal with the modi�cation of the physical
properties of the structure like its sti�ness, mass and damping. For passive
methods, such a modi�cation can be obtained through structural changes,
or the addition of passive elements like masses, sti�eners, vibration isolators,
�uid dampers or damped rubbers [8]. For active methods, the modi�cation
of the dynamic behavior is obtained through active elements like electro-
mechanical, electrohydraulic or electropneumatic actuators. The vibration is
then measured by appropriate sensors placed on the structure and the infor-
mation is processed by a controller that monitors the control signals for the
actuators.

Passive methods can e�ciently be used to improve the high frequency
behavior of a mechanical system. However, some compromises have to be
considered when designing such a passive isolation system. To obtain good
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2.1 Active and Passive Isolation Active Vibration Control

isolation in the high frequency region it is necessary to have low isolator
damping, while low excitation of structural resonances requires high values
of isolator damping [9]. Another issue when designing the passive isolation
system is to combine su�cient isolation from high frequency disturbances
with adequate static sti�ness and strength. Since all mechanical systems
with passive mounts will su�er from structural resonances, it is often desirable
to design the passive isolation system so that the natural frequency of the
machine is well below the frequency of the vibration source [10].

The drawbacks related to passive isolation could be avoided by adding
active isolation methods. The objective of the active isolation is then usually
to add damping at the structural resonance frequencies. When designing the
active isolation it is desirable to have no ampli�cation at the structure's nat-
ural frequency ωn and still maintain the high frequency attenuation above ωn
obtained through passive isolation [11]. Figure 2.1 shows the frequency re-
sponse functions (FRF) of a passive isolation system with di�erent values of
damping ξ, together with the possible bene�ts of adding active isolation. The
�gure also demonstrates where in the frequency range the di�erent mechan-
ical properties a�ect the response. One of the most popular active vibration
control methods is called Direct Velocity Feedback (DVF), owing to its ability
to e�ciently add damping to the structure with simple and robust controllers
[9]. Direct velocity feedback will be covered in detail in section 3.6.1.

It is, however, not certain that an active system will always perform bet-
ter than a passive. If the passive design is poor, the performance would
probably remain poor even if an active system was added. The superior per-
formance of an active system is usually obtained at a higher cost, which infers
that an active control system should only be considered if a passive system
already has been optimized and still is unable to meet the speci�cations. In
addition, an active system will only improve the performance within a lim-
ited frequency band equal to the bandwidth of the control system. Outside
this bandwidth the disturbance may instead be ampli�ed by the control sys-
tem [11]. On account of the limitations related to the dynamic behavior of
actuators, sensors and controllers at higher frequencies, active systems are
typically designed to deal with vibrations below 500 Hz [8].

When dealing with isolation systems for high precision machines like
equipment for the microlithography process and high-precision measurement
devices, the common procedure is to have large payload masses in the or-
der of 103kg leading to small vibration levels. Typically, the large payload
is supported by pneumatic based isolators to deal with the compensation
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Figure 2.1: Frequency response functions of a passive isolation system with
di�erent values of damping ξ, and the objective of active isolation.

of gravitational forces and reduce high frequency disturbances. In order to
meet the extreme speci�cations, the passive elements are combined with ac-
tive control [12]. This is similar to the active support isolation frame for a
laser pattern generator that will be studied in this thesis, and the system
will be described in detail in the next section.

2.2 System Description

The system studied throughout this thesis is an active vibration isolation
frame for Micronic's Sigma product line, and will henceforth be referred to
as the active support. The Sigma systems are developed to produce pho-
tomasks for the semiconductor industry at the advanced technology nodes
below 90nm.
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2.2 System Description Active Vibration Control

2.2.1 Active Support

The basic design of the active support is four isolators placed in the corners
of a rectangular base frame. The isolators support a heavy mass called the
basestone, on which the sensitive writer unit and optics are placed. Together,
the basestone, the writer unit and optics form what is called the isolated unit.
The purpose of the the basestone is to use the large mass to minimize the
mobility of the isolated unit and thus the vibration levels. The writer unit
consist of a X-Y stage that position a glass substrate (photomask) under the
exposing laser during writing. This writing procedure must be extremely
accurate and therefore the active support is used to isolate the equipment
from external disturbances.

2 3

1 4

X

yz

X

yz

X
y

C2

C3

C1

Isolators

Isolated unit
X-stage

Y-stageBasestone

12

x

z

Figure 2.2: Basic components of the active support.

Pneumatic Isolation

The four isolators are equipped with active electropneumatic valves that
have three general objectives: to hold the weight of the isolated unit, to
maintain the isolated unit at a constant height, and to reduce high frequency
vibrations from the �oor. The main components of the pneumatic isolator
are the chamber, piston, diaphragm, valve and control unit, see �gure 2.3.

The chamber is sealed at the top by a rolling diaphragm that enables the
piston to move vertically relative to the chamber. The piston and payload
are also capable of moving horizontally owing to the diaphragms spring-
like structure. When the pressure inside the chamber changes, due to the
displacement ∆z, the control unit regulates the air �ow through the valve
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to keep the pressure close to a reference pressure. The reference pressure is
obtained through the output of an external control loop that uses position
sensors to determine the displacement of the payload.

Each isolator is controlled individually i.e. the reference pressure is based
on the displacement of the payload at the same location. However, this is not
true for the fourth isolator which is not equipped with any sensors. Instead,
this isolator acts as a slave under isolator three and uses the same control
signal, resulting in a force resultant placed in between isolators three and
four. Together with the two control loops, the pneumatic valve gives the
isolators the feature of a soft air spring that maintains a constant position
even after changes of the payload, or when the center of gravity is shifted.

Basestone

Piston plate

Control unit

Chamber

Diaphragm

Valve

z

Control unit+-
r e p

Figure 2.3: Design of the pneumatic isolator.

Actuators

On each of the four isolators, force actuators are placed to compensate for the
sensed motion. Each isolator is equipped with two actuators in the vertical
direction and one in the horizontal direction. For isolators one and three, the
horizontal actuators act in y-direction, and for isolators two and four they
act in x-direction. Isolators three and four are shifted so that the horizontal
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actuators act in the opposite direction compared to the ones on isolators one
and two. Name, placement and acting direction is given table 2.1.

The construction of the actuators is such that there is no physical contact
between the static actuator-part and reaction mass, and the actuators will
not interfere with the movement of the basestone as long as the movements
are relatively small. A disadvantage of the control of the actuators includes
the lack of compensation for vertical gravitational forces. The construction
o�ers no integrated support and the whole mass �hangs� in the magnetic
�eld of the motor, leading to varying performance depending on the direc-
tion of movement. Hence, the pneumatic valves are required to deliver a
reaction force equal to the gravitational forces of the isolated unit, so that
the isolated unit hovers in a certain vertical position. Overheating is another
problem related to actuator control, where heat losses in magnets and coils
are transported directly to the vital parts of the motor. If the heat is not e�-
ciently dissipated, it will have a negative e�ect on accuracy and performance
[13].

Table 2.1: Actuators
Isolator Name Direction Type

1

Y1 Y Electromechanical

Z1 -Z Electromechanical

V1 Z Pneumatic

2

X2 X Electromechanical

Z2 -Z Electromechanical

V2 Z Pneumatic

3

Y3 -Y Electromechanical

Z3 -Z Electromechanical

V3 Z Pneumatic

4

X4 -X Electromechanical

Z4 -Z Electromechanical

V4 Z Pneumatic

Sensors

Isolator one, two and three are equipped with sensors to measure the motion
of the isolated unit. Table 2.2 gives the con�guration of the sensors name,
placement, type and sensing direction.
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Absolute position is measured by proximity sensors. These type of sen-
sors have the ability to measure the absolute position of a target conductive
material, in this case a metal plate, without any physical contact. High pre-
cision measurements with nanometer resolutions in the ranges 5 − 15mm,
and frequency responses of up to about 50Hz can be achieved with these
type of sensors [14] [15] [16].

To measure the velocity of the isolated unit, a type of seismic velocity
transducer is used. The sensor is based on a mass attached to a transducer
base with a linear spring, and converts seismic inputs to electric signals by
recording the motion of the seismic mass relative to the base. In this way,
the outputs given from the sensors are absolute velocity with earth as the
reference frame. With this type of velocity sensor it is possible to obtain
a cleaner and more accurate signal than, for example, from di�erentiation
of displacement signals. The velocity sensors can generally be well approxi-
mated by a second order high pass �lter, and its transfer function therefore
depends on its natural frequency and damping. These properties are selected
to match the application, and as a rule of thumb, the low-frequency limit is
about 4-5 times the natural frequency of the transducer, while there is no
absolute high-frequency limit [17]. The low frequency limit for the velocity
sensor signals is the main reason for the proximity sensors to be used in the
pneumatic and position loops.

Table 2.2: Sensors
Isolator Name Direction Type

1

Y1FB Y Velocity

H1Prox -X Position

Z1FB -Z Velocity

Z1Prox Z Position

2

X2FB X Velocity

H2Prox -Y Position

Z2FB -Z Velocity

Z2Prox Z Position

3

Y3FB -Y Velocity

H3Prox X Position

Z3FB -Z Velocity

Z3Prox Z Position

4 No sensors
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2.3 Modeling Active Vibration Control

Controller Firmware

The control unit of the active support is based on a MAXCON 1000 con-
troller. The controller is equipped with a digital signal processor on which a
�rmware is running. To make the tuning of the active vibration isolation sys-
tem easier, there are several digital IIR2-�lters implemented in the �rmware.
The user is able to modify the parameters of the digital �lters through an
application on a host PC connected to the controller via a serial interface
[18].

2.3 Modeling

Models of physical systems are widely used in modern engineering whenever
it is necessary to describe a system without the real one present. The word
model is broad and could be anything from a set of simple equations to
an advanced model in a computer software program. An adequate model
of the mechanical structure is important when analyzing how the structure
responds to a certain vibration source. When using a model for control
design purposes, it is usually convenient to have fairly simple models of low
order. Therefore, some simpli�cations have been considered when modeling
the active support.

2.3.1 Modeling of the Active Support

The model has been developed in MATLAB's Simulink/SimMechanics envi-
ronment which o�ers high �exibility to implement changes during develop-
ment, as well as advanced toolboxes for analysis. The idea is to capture the
main characteristics of the structure such as; structural resonance frequen-
cies, sti�ness and damping of the isolators, as well as mass and moment of
inertia of the three masses placed on isolators. Measurements on a real ma-
chine has then been used to tune the parameters of the model. For a further
description of the modeling and identi�cation of parameters, see [6].

Mass Spring System

Basically, the active support can be regarded as a traditional mass-spring
system. The air spring characteristics of the pneumatic isolators can be
captured with a model of a spring and viscous damper connected in parallel.
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The four isolators are placed in the corners of a rectangular base frame which
is assumed to be rigid. On the top, the isolators are connected to the corners
of the basestone. In addition to the basestone, the isolated unit consists of
the X-Y stage, modeled as two independent masses that can move relative
to each other and the basestone. The connection between them is considered
to be static i.e. the three masses can be substituted with one mass when the
X-Y stage is still. Each of the three masses has individual mass and inertia
matrices extracted from an existing CAD model of the system.

Actuators and Sensors

In parallel with the spring and dampers of each isolator, the actuators have
been modeled as ideal force actuators. The electromagnetic force F acting
on the isolated unit is proportional to the current i applied to the actuator
and consistent through the entire frequency spectrum. Similar simpli�cations
have been made for the position and velocity sensors, which are assumed to
give a correct and frequency- independent signal of the basestone's displace-
ment and velocity. This is assumed to be valid at least in the frequency range
up to about 20Hz, which is the range of the active vibration isolation. The
reason for this is partly to keep the model as simple as possible, and partly
because su�cient information about the actuators and sensors is unavailable.
However, some of the e�ects of adding sensor and actuator dynamics will be
studied when evaluating the limitations of the control system, see section 4.4.

Active Pneumatic System

Besides the air spring behavior of the pneumatic valves, the isolators also
have a position leveling behavior, as mentioned previously in section 2.2.1.
Throughout the main part of this thesis, this behavior has been disregarded
in the modeling of the active support. Mostly because the pneumatic leveling
system is considered to have little e�ect on the mechanical behavior when
the other control loops are active. But also because the purpose of this
thesis is to minimize the workload on the system, and not to redesign it. A
simple model of the pneumatic control system has, however, been included
for simulation purposes. If the pneumatic leveling is included, the forces
from the pneumatic valves has been modeled as proportional to the reference
pressure inside the valve, and in parallel with the electromagnetic actuators.
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Model Validation

Various tests and simulations have proven that the model gives reasonably
accurate results when compared to the real system. When the system is
regarded as a single mass excited by the force actuators (stage standing
still), the model is assumed to be valid. Scenarios when the results from the
model could be ambiguous are:

• When pneumatic position leveling system has a high in�uence on the
output

• When velocity sensor outputs are compared directly between model
and machine

• During feedforward compensation of stage movements

For more information on model validation see [6].

2.3.2 Vibration Source

An important aspect when dealing with vibration isolation problems is the
source of the vibrations. These can be of di�erent types and can enter the
structure at various locations. The active support is designed to deal with
two main sources of vibrations; �oor vibrations and inertia forces caused by
the movement of the X-Y stage during writing.

Floor vibrations are high frequency disturbances of small amplitudes en-
tering the structure through the baseframe mounted on the �oor. These
vibrations are e�ciently reduced by the passive pneumatic air spring behav-
ior of the isolators. In addition, Micronic puts very high requirements on
the �oor mobility of customers mask shops in which their machines are to be
installed. Consequently, �oor vibrations are not considered to be crucial to
the performance of the pattern generators and are not included in this thesis.

Vibrations induced by the movement of the X-Y stage on the other hand,
are of much lower frequency and higher amplitudes. This excites the reso-
nances of the active support and a�ects the absolute position of the isolated
unit, leading to severe performance reduction. Reaction forces from the actu-
ators controlling the movement of the X-Y stage enter the basestone through
the attachment of the coil of the motors, placed on top of the basestone.
A shifted position of the X-Y stage will also a�ect the movement of the
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basestone, which will begin to rotate around its central gravity point as the
X-Y stage moves back and forth. Vibrations of this type are deterministic
and can quite easily be modeled. Movements of the X-Y stage will thus be
the primary vibration source and modeled as movement of the two masses
according to a �repeat x repeat y� pattern taken from the real machine.

A third type of vibration source is the so called shock disturbance, which
is a kind of unexpected impulse disturbance entering the mechanical structure
at some location. This type will be used to model a pressure drop in one of
the pneumatic valves caused by malfunction. Apart from that, there will be
little focus placed on this type of vibration source.

2.3.3 Vibration Modes

A mechanical structure's degrees of freedom (DOF) is equal to the number of
coordinates required to fully describe the motion of the system. The number
of di�erent vibration modes of a structure equals the number of degrees of
freedom [11]. The isolated unit can move freely in space and thus requires
six coordinates to describe its position, i.e. it has six degrees of freedom and
six corresponding vibration modes. These six vibration modes are named
according to their relative coordinates and are given in table 2.3, together
with the corresponding resonance frequency of the mode which has been
obtained through measurements on the real machine.

Table 2.3: Vibration modes

Name Abbreviation Frequency: Hz rad/sec
X-translation Tx 0.92 5.78
Y-translation Ty 1.0 6.28
Z-translation Tz 1.8 11.3
Z-rotation ϕz 1.85 11.6
Y-rotation ϕy 2.16 13.5
X-rotation ϕx 2.6 16.3

2.4 Speci�cations

The general speci�cations on the active support is to maintain the isolated
unit within a speci�ed reference position. In addition, there are some speci-
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�cations on the active vibration control:

• Reduce disturbances from stage movements with feedforward compen-
sation to satisfy the position requirements

• Damp out structural resonances

• Give su�cient disturbance rejection in the low-frequency region to sat-
isfy the position requirements, when the feedforward control is unable
to meet requirements

• Low control of vertical force actuators at steady state in order not to
hold the weight of the isolated unit, which would cause overheating

• Phase margin of 45 degrees and gain margin of 7dB

22



Chapter 3

Control System Design

In section 2.3.2 it was stated that the primary vibration source is X-Y stage
movements, and that this type of disturbance is predictable. Such predictable
behavior depends on the fact that the stage follows a reference track gener-
ated by the position servo of the writer unit. Whenever a signal correlated to
the disturbance is available, feedforward control can e�ciently be used to pro-
duce a secondary force that cancels out the primary disturbance. In this way
the e�ect of stage movements can be rejected before they a�ect the output.
The �rst section of this chapter will cover the design of such a feedforward
controller based on a disturbance model of the X-Y stage movements.

One of the main advantages with feedforward control is that it o�ers the
possibility to cancel out the disturbance completely. In practice, imperfec-
tions limit the maximum performance that can be achieved with feedforward
control, and motivates the use of feedback control in combination with the
feedforward control. Therefore, this chapter will also cover the design of
a decentralized feedback controller decoupled with two di�erent decoupling
strategies.

3.1 Feedforward

Feedforward compensation gives the ability to achieve disturbance cancella-
tion from X-Y stage movements. The position of the X-Y stage is measured
continuously by laser interferometers, and velocity and acceleration signals
are then obtained by taking the �rst and second derivative of the position
signal. The four signals XPOS, XACC, YPOS, and YACC are transmitted
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digitally to the control unit and serves as a measurement of the disturbance
acting upon the active support.
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Figure 3.1: Overview of the combined feedforward and feedback control sys-
tem.

In order to cancel out the disturbance from X-Y stage movements, the
control unit needs to calculate appropriate control signals to the force ac-
tuators based on the four signals. Perfect disturbance rejection would be
achieved if it is possible to �nd a feedforward controller that could give zero
output y = 0. If the isolated unit is assumed to be standing still initially
(y = 0 at t = 0) and the setpoint is zero (r = 0), the output is given by (3.1),
as can be seen in �gure 3.1.

y = (HffMMGO(s)dm +G′d(s)d)MS (3.1)

Where dm is the measured disturbance, Hff the feedforward controller and
GO(s) the mobility of the isolated unit. Furthermore, G′d denotes the mo-
bility of the isolated unit through the disturbance path i.e. from the true
disturbance d to the output y. MM and MS are the motor and sensor steer-
ing matrices, used as decoupling elements for feedback control, see section
3.3. If the reshaped plants are used (G(s) and Gd(s) in �gure 3.1), and the
measured disturbance dm is assumed to be equal to the real disturbance d,
equation (3.1) can then be rewritten as:
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y = (G(s)Hff +Gd(s))d (3.2)

And to get zero output, the feedforward controller should be designed ac-
cording to (3.5).

y = (G(s)Hff +Gd(s))d = 0 (3.3)

G(s)Hff +Gd(s) = 0 (3.4)

Hff = −G(s)−1Gd(s) (3.5)

Since the feedforward controller requires an inverse of the plant G, perfect
disturbance rejection is not always realizable in practice. This could for
example be when the plant is non-square or when the inverse is not proper
(higher order in the nominator). It should also be noted that the controller
depends strongly on the model of the plant, and since no attempts are made
to correct the output, the controller is very sensitive to model errors.

To calculate the feedforward controller from the simulink model, two lin-
earized state space models, G and Gd, must �rst be obtained. This can be
done by using MATLAB's linear analysis function in the Control and Esti-
mation toolbox, with inputs at uff and d, and outputs at y. Because the
plant G(s) is reshaped with the matrices MM and MS, the plant is square
with 6 inputs and 6 outputs i.e. a 6 × 6 matrix, and it is possible to calcu-
late an inverse. The dynamics of G(s) and Gd(s) is identical since the only
di�erence is the location of excitation point (actuators at the four isolators
and position of the X-Y stage). The result is that the dynamics of G(s) are
canceled out by the dynamics of Gd(s), leaving only a constant gain in the
feedforward controller (3.5).

Even though feedforward control could be used to reduce the disturbances
considerably, the model of G is never perfect and the disturbances are never
exactly known, which motivates the use of a feedback controller in combina-
tion with the feedforward control. By using the feedback control to compen-
sate for the error of an imperfect feedforward control, it is possible to attain
superior performance compared to just feedforward alone.

3.2 Decentralized Feedback Control

A straightforward approach when dealing with multiple input multiple output
(MIMO) control systems is to pair one of the inputs with one of the outputs
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and treat this loop individually as a single input single output (SISO) system.
For a plant with m inputs and n outputs, the decentralized control law is
given according to (3.6).

u1

u2
...
um

 =


h1(s) 0 . . . 0

0 h2(s) . . . 0
...

...
. . .

...
0 0 0 hn(s)




y1

y2
...
yn

 (3.6)

Here, the control signal u1 is based only on the output y1 and u2 only on y2,
and interactions between them are ignored. Due to the diagonal structure
of the compensator, the method is simply called diagonal or decentralized
control. In order for decentralized control to work well, interactions between
the loops should be as small as possible. Even though one output might be
a�ected by several of the inputs, only one is used for control. Therefore, it
is very important to pair the input together with the output on which it has
the greatest in�uence, and pairing is thus one of the most critical steps when
designing a decentralized control system. A decentralized control system is
always quadratic (n = m) and should the number of inputs not be equal to
the number of outputs, some of the signals are disregarded [19].

A decentralized control law could be hazardous since cross-coupling from
the o�-diagonal elements could a�ect both stability and performance of the
closed loop system.

3.3 Decoupling

Due to the diagonal compensator structure, a reasonable assumption is that
decentralized control would work well if the plant which is to be controlled is
close to diagonal. In this case the plant is basically a collection of subplants
that can be controlled independently.

For the active support, the objective is to reduce the six vibration modes
of the structure (Tx, Ty, Tz, ϕx, ϕy, ϕz). The original plant has six sensor
outputs and eight actuator inputs i.e. GO(s) is a 6 × 8 matrix, see section
2.2.1. In order to get natural pairs of input- and output signals that relate to
the dominating dynamics of the structure, a variable substitution is made to
six logical axes equal to the vibration modes. The control objective is thus to
substitute the original plant GO(s) with a diagonal plant GD with six inputs
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and six outputs, and then use a SISO controller to target each vibration mode
independently. The procedure is done by using two transformation matrices:
one sensor steering matrix MS that transforms the six sensor outputs to the
logical axis, and one motor steering matrix MM that transforms the logical
axis back to eight actuator outputs. Matrices that �reshape� the original
plant like MS and MM are often referred to as pre- and post-compensators
respectively [20].

Henceforth, the reshaped plant GD(s) will be referred to as G(s), and
given through equation (3.7)

G(s) = GD(s) = MMGO(s)MS (3.7)

The controller used to control G(s) expressed in the original coordinates is
then given by

u = −MSH(s)MM (3.8)

where H(s) is diagonal. Such a control structure is said to be decoupled.
In order to achieve the best possible performance, MM and MS should

be chosen so that the plant G(s) becomes as diagonal as possible. A true
diagonal plant at all frequencies would require a complex and dynamic (s-
dependant) pre-compensatorMS. Such decoupling is referred to as dynamic,
and can be realized by choosing MS = GO(s)−1 [20]. Due to di�culties im-
plementing such a controller, decoupling is often done at a speci�c frequency.
Normally, the frequency used is steady-state G(0), referred to as steady-state
decoupling, and results in a diagonal plant at s = 0. The pre-compensator
could then be selected so that MS = GO(0)−1, or as a pseudo - inverse by
using singular value decomposition (SVD) in case GO is a non-square plant
[20]. Decoupling could also be done at some frequency s 6= 0, and then usu-
ally at crossover frequency G(iωc). In the latter case, G(iωc) is a complex
matrix and since the pre-compensator MS is preferably a real matrix, an
approximation of G(iωc) is necessary. Therefore, this method is referred to
as approximate decoupling.

3.4 COG Decoupling

When designing the pre-compensator for the active support a modal decou-
pling approach will be used, which could be compared to the steady-state
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method mentioned in the section above. Modal analysis is a powerful tool
when analyzing multiple DOF vibration problems by reducing them into
several 1 DOF problems. A �rst assumption will be that the system will be
modally decoupled if global coordinates can be transformed to a local coor-
dinate system located in the structures center of gravity. If the direction of
the modeshapes is identical to the physical coordinates, the assumption will
be valid. That implies �nding a real constant matrix MS that transfers the
measured sensor signals into movement of the structure's center of gravity.
The modal coordinates are then transferred back to actuator signals using
a real constant matrix MM . This results in a reshaped plant G(s) with six
inputs and six outputs given in modal coordinates (Tx, Ty, Tz, ϕx, ϕy, ϕz), and
corresponds to the six vibration modes of the structure. With perfect decou-
pling, the plant G(s) would consist of six sub-plants given in the diagonal
of G(s) with no interactions between them leading to six independent SISO
control problems.

3.4.1 Sensor Steering Matrix

The original plant has six sensor outputs and MS should therefore be a 6× 6
matrix. The idea is to measure the velocity at the corners of the basestone
and then translate the sensor signals into velocities at the structure's center
of gravity. The main issue is that a sensor output in, for example, horizontal
x-direction will detect movements in other directions as well. Lets say the
basestone is rotating around the z-axis, then the X2FB sensor located at
isolator 2 will interpret this movement as a small Tx movement. Therefore,
it is necessary to use the other available sensor to detect motion in other
axes and then subtract them from the desired axis. The next section will
describe how one of the columns in the sensor matrix is determined, and the
same procedure can be applied for the other columns as well. The full sensor
matrix and its functionality as a pre-compensator will be reviewed in section
4.2.

Deciding Elements of the Sensor Steering Matrix Tx

From �gure 3.2 B, it is clear that there are three sensors measuring ϕz. By
using sensors Y 1FB and Y 3FB to decide the magnitude of ϕz, it is possible
to subtract its contribution to Tx according to (3.9).
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Figure 3.2: Dimensions and sensor con�guration of the isolated unit.

c1X2FB − c2Y 1FB − c3Y 3FB = 0 (3.9)

Where ci is the unknown sensor matrix coe�cient. If the basestone is rotating
around the z-axis and the coe�cients are chosen correctly, the output in Tx
will be equal to zero. If the basestone moves in x-translation, Y 1FB and
Y 3FB will be zero and the output will be equal to X2FB. However, in
order not to interpret y-translation as a small x-translation, c2 and c3 are
restricted to be equal which will give zero output. Using the relationship
v = ωr together with the lengths given in �gure 3.2 and assuming small
rotations gives (3.11).

c1ωly,g1 − c2ω
lx,tot

2
− c3ω

lx,tot
2

= 0 (3.10)

c1ly,g1 − c2
lx,tot

2
− c3

lx,tot
2

= 0 (3.11)

Due to the position of X2FB, it will also detect some ϕy. If the same is
done for ϕy as for ϕz one gets (3.13).

c1X2FB − (c4Z1FB − c5Z2FB) = 0 (3.12)

c1h− c4
lx,tot

2
+ c5

lx,tot
2

= 0 (3.13)
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The unknown coe�cients of Tx in the sensor steering matrix can now be
determined by solving the system of equations given in (3.14). The sixth
sensor Z3FB is equal to zero.


1 0 0 0 0

ly,g1 − lx,tot

2
− lx,tot

2
0 0

h 0 0 − lx,tot

2

lx,tot

2

0 1 −1 0 0
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c1
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c4
c5

 =


1
0
0
0
0

 (3.14)

3.4.2 Motor Steering Matrix

Given that the original plant has 8 inputs, MM becomes a 8× 6 matrix. The
objective is to �nd a matrix that translates the modal coordinates back to
actuator signals so that every column ofMM only excites one of the vibration
modes respectively. Or put in simpler terms: an input on one axis should
result in an output on that axis only.
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Figure 3.3: Dimensions and actuator con�guration of the isolated unit.

The next section will describe the principles of calculating one of the
columns in the matrix, and the same procedure can be applied for the other
columns as well. The full motor matrix and its functionality as a post-
compensator will be reviewed in section 4.2.
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Deciding Elements of the Motor Steering Matrix Tx

A unitary input of the logical axis Tx should result in a pure translational
movement of the isolated unit in x-direction. This is equivalent to having
the sum of forces in y and z equal to zero, as well as zero moment of rotation
on the three axes x, y and z. Assuming that the two actuators in y-direction
should be equal to zero, it is possible to set up two equations of force (in x
and z) and three equations of moments given in (3.15) - (3.19).

Fx : c1X2− c2X4 = 1 (3.15)

Fz : c3Z1 + c4Z2 + c5Z3 + c6Z4 = 0 (3.16)

Mx : − c3Z1ly,g1 − c4Z2ly,g1 + c5Z3ly,g4 + c6Z4ly,g4 = 0 (3.17)

My : − c1X2h− c2X4h− c3Z1lx,g1 + c4Z2lx,g2

+ c5Z3lx,g2 − c6Z4lx,g1 = 0 (3.18)

Mz : c1X2ly,g1 + c2X4ly,g4 = 0 (3.19)

Since there are four actuators in vertical z -direction there are six unknown
actuator forces, and with only �ve equations available, the system becomes
overdetermined. By limiting the fourth actuator Z4 to be equal to one of the
other z-actuators (Z1 in this case), it is possible to �nd a solution. This is in
line with the setup of the pneumatic control where the fourth valve acts as
a pneumatic slave under valve three. With c3 = c6, the unknown coe�cients
of Tx in the motor steering matrix can be determined by solving the system
of equations given in (3.20).


1 −1 0 0 0 0
0 0 1 1 1 1
0 0 −ly,g1 −ly,g1 ly,g4 ly,g4
−h −h −lx,g2 lx,g1 lx,g1 −lx,g2
ly,g1 ly,g4 0 0 0 0

0 0 1 0 0 −1




c1
c2
c3
c4
c5
c6

 =


1
0
0
0
0
0

 (3.20)

3.5 Modal Decoupling

The simpli�cation which assumes that the six vibrational modeshapes of the
structure would have the same direction as the physical coordinates is not
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3.5 Modal Decoupling Control System Design

entirely true, which experiments described later will verify. Experiments
indicated that there was still some cross-coupling present on the axis of the
rotational modes, which had a second peak at the lower resonance frequencies
of the translational modes. It was then concluded that the rotational modes
include a small amount of translational motion, as illustrated in �gure 3.4.
As a result, this alternative method to calculate the gains of the motor and
sensor matrices was considered. The method is one step further towards
�true� modal decoupling, and does account for the actual direction of the
modeshapes. In order to analyze the modeshapes, a method based on the
state-space representation of the plant, as given in [10], will be reviewed in
this section.

φ
T

Figure 3.4: Modeshape of one of the rotational modes, consisting of both
rotation and translation.

The equations of motion in the state-space form is given by

ẋ(t) = Ax(t) +Bu(t) (3.21)

y(t) = Cx(t) (3.22)

Where A is the system matrix describing the mechanical behavior of the
system, x is the vector of state variables, B and C the input and output
vectors respectively. The resonance frequencies of the system are given by
the eigenvalues of A, and the eigenvectors associated with these eigenvalues
describes the modeshapes of each vibrationmode. A matrix E containing the
eigenvectors of A can therefore be used to transform a vector z in the modal
coordinate system given by the eigenvectors, to a vector x in the physical
coordinates according to

x(t) = Ez(t) (3.23)
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And the state equation can be written in modal form by substituting x in
(3.21) with (3.23)

Eż(t) = AEz(t) +Bu(t) (3.24)

ż(t) = Az(t) + E−1Bu(t) (3.25)

The output equation is now given by

y(t) = CEz(t) (3.26)

z(t) = C−1E−1y(t) (3.27)

The matrix C−1E−1 in (3.27) thus transforms the output from physical to
modal coordinates. The sensor steering matrix according to the modal state-
space approach is therefore given by (3.28).

MS = (C−1E−1)T (3.28)

The motor steering matrix is de�ned by the input matrix given in the state-
equation (3.25).

MM = B−1E (3.29)

The eigenvectors in E is complex which leads to complex vectors in MM

and MS. For implementation purposes, the imaginary part is neglected and
only the real part is used as decoupling elements. By designing the motor
and sensor steering matrices according to the following method, it is possible
to provide independent control over the natural frequencies and damping of
each of the six vibration modes.

3.6 Feedback

The previous section covered decoupling of the MIMO control system, striv-
ing to attain the most favorable decentralized control structure. The fol-
lowing section will deal with designing each of the control loops individually
as six independent SISO systems. In order to understand the behavior and
characteristics of the system, the classical single mass-spring-damper given
in �gure 3.5 will be used as a reference.

The equation of motion for the system is given by

mẍ(t) + cẋ(t) + kx(t) = F (t) (3.30)
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m

F

fa H
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k c

Figure 3.5: Single mass-spring-damper system with feedback control.

The frequency response function is given by a laplace transform of (3.30), and
the transfer function from the force F applied to the mass, to the position
of the mass, is given by

x

F
(s) = G(s) =

1

ms2 + cs+ k
(3.31)

The secondary force fa applied to the mass through the actuators can be
used to modify the behavior of the structure if given as a combination of
proportional feedback gains of the three states

fa = Kaẍ+Kvẋ+Kpx (3.32)

where Ka is the acceleration feedback gain, Kv the velocity feedback gain,
and Kp the position feedback gain. From comparison of equation (3.30) and
(3.32), it follows that the mechanical interpretation of proportional position
feedback is an additional sti�ness element. Using the same reasoning, pro-
portional velocity and acceleration feedback can be interpreted as modi�ed
damping and mass elements respectively.

The output y can be measured with either a displacement sensor, a ve-
locity sensor, or an accelerometer. In the case where only one type of mea-
surement is available, the other states can be derived through integration
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or di�erentiation of the other signals. Since no practical electronic integra-
tors have in�nite gain at zero frequency, which an ideal integrator has, the
static position of the mass could not in practice be determined through an
accelerometer alone. If accurate sensor signals in di�erent frequency regions
is of great importance, a combination of sensor types could be used. This
is the case for the active support, which utilizes both position and velocity
sensors for feedback.

3.6.1 Velocity Feedback

Velocity of the basestone is measured through velocity sensors placed on the
mass. Due to the structure of the sensor, the output is given as an absolute
velocity measurement, and e�ciently implements what is called a skyhook
damper [8]. A typical root locus plot for the skyhook damper where the
control force is proportional to the measured velocity is given in �gure 3.6.
All examples in this section are taken from the Tx - mode decoupled with
the modal method.
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Figure 3.6: Root locus plot of vibration mode Tx with direct velocity feedback.

The root locus is a plot of the roots of the characteristic equation of the
closed loop system as a function of the gain. It gives a good indication of
how the closed loop poles, marked with a �×�, move in the s-plane when the
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feedback gain is increased from zero to in�nity. The starting position is the
open loop poles i.e. zero gain. Figure 3.6 shows the six complex conjugate
pole pairs of the vibration modes. Their location on the imaginary axis gives
the resonance frequency of the mode, and location on the real axis gives
the amount of damping associated with the mode. If the pole is located on
the imaginary axis, the mode is undamped. Zeros, marked with a �◦�, gives
the location of the antiresonance frequencies of the structure, and it can be
observed that the zeros cancel out the other vibration modes and that only
Tx is controllable. This was the exact intention of the decoupling procedure
in the previous section.

When the feedback gain is increased, the two poles move further from the
imaginary axis and the amount of damping increases. When the poles reach
the real axis the system becomes critically damped (ξ = 1), and the peak at
the resonance frequency of Tx is eliminated. The objective given in section
2.4 is then satis�ed, and the gain Kv should therefore be selected so that

Kv ≥ Kc (3.33)

If the gain Kv is selected far beyond Kc, the magnitude around the reso-
nance frequency of the closed loop system is depressed, leading to a higher
bandwidth of the control system.

Proportional velocity feedback will only o�er disturbance rejection around
the resonance peak of the open loop system. No attempt is made to reduce
the low frequency disturbances and the static position of the mass. In sec-
tion 2.3.2 it was given that the movement of the X-Y stage was the most
critical source of vibration, which has a dominant low frequency behavior.
The frequency response below the resonance peak in the mass-spring-damper
system is dominated by its sti�ness, as earlier demonstrated in �gure 2.1. In
order to achieve a sti�ness enhancement in the low frequency region, the pro-
portional feedback gain needs to be combined with integral action, like for
example a Lag compensator. The lag compensator has the transfer function
given in (3.34).

hlag(s) = k3
s+ k1

s+ k2

(3.34)

The low frequency gain of the lag compensator is given by k1/k2, and with
k2 = 0 the lag compensator becomes a pure PI compensator. The zero
located at k1 decides how far up in frequency the gain increases. To minimize
the phase lag at crossover, the zero is usually placed at a low frequency. If
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k1 is selected above the resonance frequency and below crossover, at around
2Hz, k2 can be selected to give adequate low-frequency attenuation.

Figure 3.7 shows the open-loop response from force to position x/F , to-
gether with the closed loop responses of direct velocity feedback (DVF) and
the lag compensator with two di�erent values of k2. The gain for all three
compensator is selected to be just above Kc. It can be observed that the lag
compensator combines damping and sti�ness enhancement while the asymp-
totic decay rate remains unchanged.
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Figure 3.7: Frequency response functions of the closed loop system with dif-
ferent compensators.

To provide a guideline for the necessary amount of gain and low frequency
attenuation, the closed loop disturbance gains (CLDG) are compared with
the loop gain (L), de�ned in (3.35) and (3.36).

CLDG(s) = Gdiag(s)G
−1(s)Gd(s) (3.35)

L(s) = G(s)H(s) (3.36)

For performance, L for each loop should be selected so that the magnitude of
L exceeds the magnitude of CLDGi, which can be explained as the �appar-
ent� disturbance gain as seen from loop i when using decentralized control
[20]. XACC is the most di�cult disturbance to reject for the Tx - mode,
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which comports with the intuitive feeling. In �gure 3.8 the CLDG for dis-
turbance XACC to output Tx has been plotted (dotted line), together with
the loop transfer function L.
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Figure 3.8: Bode plot of the loop transfer function L, together with the closed
loop disturbance gain CLDG (XACC).

G and Gd have been scaled to match the maximum allowed control er-
ror, maximum allowed control input and maximum expected magnitude of
disturbance. Hence, the frequency region where the CLDG exceeds 0dB in
magnitude, gives an indication of the necessary bandwidth of the control
system.

At steady state, there is a restriction on the magnitude of L due to over-
heating of the actuators. It is desirable to let the pneumatic leveling system
hold the weight of the isolated unit. Therefore L can not be in�nitely large
at low frequencies (approximately below 0.1rad/s), and CLDG exceeds L
at these frequencies. This is, however, mostly related to the Tz, ϕx and ϕy
modes.

A negative e�ect of additional integral action is that the phase margin
(PM) at crossover decreases. This reduces the amount of damping and givs
a peak of the closed loop sensitivity function S (not showed) at crossover. If
�gure 3.7 is studied closely, this phenomenon can be observed at frequencies
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around 3Hz, where the lag �lter with most integral action gives a higher
response than the open loop system for a short period. If the phase margin
at crossover becomes insu�cient due to the lag compensator, it can be com-
bined with a Lead compensator, which has the same analytical form (3.34).
To achieve maximum phase lead at crossover, k1 and k2 should be chosen
according to (3.37).

k1 < wc < k2 (3.37)

3.6.2 Position Feedback

Since the velocity sensors has an imperfect low-frequency behavior, an alter-
native way to enhance the system's ability to reduce low-frequency distur-
bances can be to use the proximity sensors for feedback control. The position
loop is then used as an auxiliary loop for the velocity loop, with the main ob-
jective to reduce the in�uence of stage movements and maintain the isolated
unit close to a static reference position.

The most signi�cant in�uence stage movements have upon the isolated
unit is rotation around the x and y axes, caused by a shifted position of the
stage. High acceleration of the X-stage, leading to translational movements
in x, also implicates a problem. Hence, the position feedback focus on these
disturbances and designed as: three individual feedback loops from the ver-
tical proximity sensor to the force actuator at the same location, and one
feedback loop in the logical Tx - axis similar to the velocity loop.

The position control is currently implemented in the machine with the
structure given above. An alternative design of the position loop has been
developed using the same strategy as in section 3.6.1 i.e. by using information
about the disturbance to shape the loop transfer function L. The resulting
compensators can be found in appendix B.2, and are evaluated in section
5.1.
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Chapter 4

Evaluation

The purpose of the this chapter is to evaluate the control design methods
covered in chapter 3. Evaluations will be performed in the model using
mathematical analyzing tools together with classical control theory, and also
in the real machine to evaluate the feasibility of the methods in practice. Fo-
cus will be on the feedforward control for the active support and the di�erent
decoupling strategies used to reduce cross-coupling in the system.

4.1 Feedforward

When designing the feedforward controller according to the procedure given
in section 3.1, the controller is given by a constant gain matrix. This re-
sult is expected since the feedforward controller basically is a transformation
of forces between two reference systems. To see this, one of the gains is
determined through a rough analytical calculation.

If the system is reduced to 2 dimensions, then a change of the position of
the Y-stage would cause a moment of rotation around the COG of the base-
stone caused by its gravitational force, see �gure 4.1. To eliminate this e�ect
and keep the basestone still, the force actuators must give a counteracting
moment of the same magnitude.

The contribution to the rotation around COG from the shifted position
of the Y-stage, is given by

Mx = mg · Y POS (4.1)

And from the force actuators, the contribution is given by
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Figure 4.1: Basic concept of the feedforward compensation.

Mx = Fr (4.2)

Where the force output F can be obtained by following the path from the
YPOS signal down to the actuator, and (4.2) can then be written as

Mx = KffposY · hff ·Kv · r · Y POS (4.3)

Here, KffposY is a scaling factor from m to digits, which is the unit the
digital control system uses. Kv is the vertical motor constant and hff the
gain in the feedforward matrix. Equations (4.1) and (4.3) then give

hff =
mg

KffposX ·Kv · r
(4.4)

4.1.1 Model Uncertainties

As mentioned earlier, the feedforward controller is very sensitive to model
errors. With perfect conditions, the true output and thus the error is given
by

ytrue = e = Gtrueuff +Gtrue
d d (4.5)
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And with uff given as
uff = −G−1Gdd (4.6)

The true error is given by

e = −G−1GdG
trued+Gtrue

d d (4.7)

e =

(
Gtrue/Gtrue

d

G/Gd

− 1

)
︸ ︷︷ ︸

em

Gtrue
d d (4.8)

Here em is the model error, and it becomes clear that the output increases
directly with the relative model error. So, in order to reduce the disturbances
with a factor 10 (20dB), it is required that the model matches the true system
within the boundaries

0.9 <
Gtrue/Gtrue

d

G/Gd

< 1.1 (4.9)

Equation (4.4) gives an indication of which model parameters that a�ect the
calculation of the feedforward matrix the most. Highest uncertainties are
assumed to within the mass of the X-Y stage and the motor constant.

The high sensitivity of the controller can be demonstrated with an ex-
periment from the machine, given in �gure 4.2. The output is taken from
two position sensors during a �repeat x� sequence of the X-Y stage. When
the �rst measurement (upper plot) indicated strong overcompensation of ϕy
during stage movement, the feedforward gain from XPOS to ϕy was reduced
from 11.5 to 8.5. So by only changing one of the gains in the feedforward
matrix with a factor 0.74, the controller reduced the output to one sixth of
the original amplitude (lower plot of �gure 4.2).

The output is scaled so that a magnitude of 1 corresponds to the speci�ed
position requirement of the active support. The uncompensated system gives
position amplitudes of around 8, so the controller in the upper plot reduces
the disturbances with a factor 2, which corresponds to 1.5 in equation (4.9).
A conclusion of this is that G/Gd is too small and it is necessary to either
increase G or reduce Gd. This model error is probably caused by an incorrect
value of the motor constantKv in equation (4.4). With aKv that is increased
by a factor 1.35, G is increased with the same factor which gives the result
seen in the lower plot of �gure 4.2, and the disturbance is now reduced by
more than a factor 10.

43



4.1 Feedforward Evaluation

0 2 4 6 8 10 12 14 16 18 20
−200

−100

0

100

200

Time [s]

P
os

iti
on

Z1Prox

Z2Prox

0 2 4 6 8 10 12 14 16 18 20
−40

−20

0

20

40

Time [s]

P
os

iti
on

1

-1

4

-4

-2

2

0.4

0.8

0

-0.4

-0.8

0

Figure 4.2: Two feedforward controllers evaluated in the machine during X-
stage movement.

4.1.2 Gain Variations

The feedforward controller evaluated in the lower plot of �gure 4.2 gives suf-
�cient disturbance rejection of X-stage movements at the speci�c y -position
since the output at all times is kept below ±1. During writing, however,
the X-stage moves from one end point to the other as the laser writes the
pattern on the photomask. When the writing sequence is complete, the X-
stage makes a return stroke as the Y-stage simultaneously moves a small step
to the next writing line. Consequently, it is important that the �repeat x�
sequence gives adequate results for more than one y-position.

In �gure 4.3, the �repeat x� sequence is simulated in the model at two
di�erent y-positions. Notice that the two di�erent plots shows two sensors
during the same simulation, and that the di�erent line-types describe the dif-
ferent simulations. The �rst simulation is when the center of the photomask
is placed under the laser (YPOS = 0mm), and the second simulation is at
one of the endpoints (YPOS = 75mm). It can be observed that the outputs
are almost identical for the two simulations, which would imply that the
feedforward controller gives su�cient disturbance rejection over the entire
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operating range. The feedforward controller used in the simulations is de-
signed according to section 3.1, so �gure 4.3 also provides a validation of the
method since the outputs are kept below 25% of the speci�cation with only
feedforward control. It also provides an indication of the best performance
that could be achieved under ideal conditions.

With only feedforward control active, the system is badly damped and
oscillates at its resonance frequencies, which can be observed in both �gure
4.2 and 4.3.
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Figure 4.3: Feedforward controller evaluated in the model at two di�erent
y-positions.

Unfortunately, the good results seen in �gure 4.3 are not obtained from
experiments on the actual machine. When the same controller that was
evaluated in the lower plot of �gure 4.2 is evaluated at one of the endpoints,
the result is signi�cantly poorer. The output now has a strong position
behavior i.e. the output signal of sensors Z1Prox and Z2Prox has the same
characteristics as the XPOS signal. The output is similar to the one obtained
in the upper plot of �gure 4.2, but with amplitudes around ±2, see appendix
A.1. As a result, the feedforward gain from XPOS to ϕy (Hff,51) needs to be
modi�ed. A couple of experiments conducted in the machine indicated that
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the optimal gain of Hff,51 should be lowered with a magnitude of about 1 at
either endpoint.

If the assumption that the optimal feedforward gain of Hff,51 does vary
over di�erent y positions, it implies that there are some non-linearities present
in the system that limits the maximum performance that can be achieved by
the feedforward compensation. The source of the non-linearity is probably
the dynamics of the actuators, which seem to deliver a varying force depend-
ing on the setpoint. For example, consider the two cases during a �repeat x�
sequence with the COG feedforward matrix given in B.1 (table B.6):

Y POS = 0 : ϕy = 8.5XPOS − 0.8XACC + 0Y POS + 0Y ACC (4.10)

Y POS = y : ϕy = 8.5XPOS − 0.8XACC − 3.1y + 0Y ACC (4.11)

Where the static force given by the factor −3.1y in (4.11) worsens the com-
pensation during X-stage movements. The superposition property of a linear
system is thus not valid for the actuators. If only the X-stage part of the
controller is active, which means that XPOS and XACC are the only signals
transmitted to the controller, the result is once again satisfactory, as can be
observed in appendix A.1. On account of the already mentioned sensitivity
of the feedforward control system, even small changes in the setpoint of the
actuators will have large in�uence on the output. The following possibilities
could be considered to improve the compensation:

1. Chose a gain that minimizes the disturbance over the operating range.

This is the simplest most straightforward approach, and requirements
on performance have to be decompressed in order to achieve a decent
overall compensation. The gain of the feedforward element could then
be selected according to (4.12) or (4.13).

hoptff,i =
hmaxff,i + hminff,i

2
(4.12)

hoptff,i =

∑
hff,i
n

(4.13)

Assuming that the force output has the characteristics of the function
F = Kmi

3 instead of F = Kmi, where Km is the motor constant and
i the input current to the actuators, (4.12) is preferable to (4.13). In
addition, equation (4.12) would only require two measurements, one at
one of the endpoints where hff,i has its maximum value, and one at
the zero point where it has its minimum value.
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2. Scale the XPOS signal so that it depends on the YPOS signal.

Before the measurement signals are transmitted to the control unit, the
XPOS signal could be scaled with YPOS so that Hff,51 varies between
its maximum and minimum value. A negative e�ect is that it would
cause the other elements in column one, which is related to XPOS,
to vary as well. But since element Hff,51 is the dominant element of
column one, it is still believed that this approach would improve the
overall compensation.

3. Use di�erent feedforward matrices at di�erent operating points.

Even though this approach probably could give better improvements
than the previous two, it has two major disadvantages. First of all,
changing the matrix during writing would likely give a small twitch as
the set point for the actuators suddenly changes. It would also require
a time consuming modi�cation of the implementation of the present
feedforward compensation.

All the methods described above require some approximation of the gain
variations in the operating range of interest. Since the model does not show
the same trend as the machine, the gain variations must somehow be evalu-
ated from the real machine. If approach number one does not give acceptable
results, it could be necessary to consider approach number two.

4.2 Decoupling

In this section, the performance of three di�erent sets of motor and sensor
steering matrices will be evaluated. Set 1 uses the original motor and sen-
sor steering matrices, set 2 uses steering matrices calculated with the COG
method described in section 3.4, and set 3 uses steering matrices calculated
with the modal method described in section 3.5. The di�erent sets and re-
lated matrices can be found in appendix B.1, and are also summarized in
table 4.1. To evaluate the functionality of the sensor and motor steering
matrices as decoupling elements, the following properties will be reviewed:

1. Sensor steering matrix ability to measure the velocities in the center of
gravity of the basestone.
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2. Motor steering matrix ability to excite each of the six vibration modes
independently.

3. The characteristics of the new reshaped plant.

Since it is not possible to measure the velocities in the COG directly in
the machine, the model will be used to evaluate number 1. Number 2 will
be evaluated through experiments by measuring transfer functions of the six
di�erent logical axes. If each transfer function only contains one resonance
peak, the system will be considered to be decoupled.

Performance of the reshaped plant will be evaluated by calculating the
relative gain array (RGA). RGA is often used to decide input/output pairings
when designing decentralized control systems. In this particular case, the
choice of pairing is trivial and already made such that the measured output
of each vibration mode is controlled by the same mode. However, RGA
can also be used as a powerful tool when analyzing the controllability and
stability of the MIMO system under decentralized control.

Table 4.1: The di�erent sets of steering matrices.

Set 1 Original matrices
Set 2 COG matrices
Set 3 Modal matrices

4.2.1 Sensor Steering Matrix

Figure 4.4 shows two identical simulations in the model where the velocities
have been measured at the sensor locations and then transformed into the
logical axis using the sensor matrix (dotted line), and simultaneously in the
COG point of the isolated unit (thick line). The upper plot shows a simula-
tion done with the original sensor matrix, and the lower shows a simulation
with the improved matrix of set 2.

It is clear that the sensor matrix measures the velocity at the center
of gravity very accurately. Figure 4.4 shows the Tx-axis, and the results are
similar for Ty. Rotational axes are less important since they do not detect any
translation. However, the results from Tz in �gure 4.5 indicate a prominent
improvement. This is probably owing to a kind of tilting movement of the

48



Evaluation 4.2 Decoupling

0 2 4 6 8 10 12 14 16 18 20

−4

−2

0

2

4

6
x 10

5

Time [s]

V
el

oc
ity

 [d
ig

its
]

 

 Real velocity
Measured velocity (set 1)

0 2 4 6 8 10 12 14 16 18 20

−4

−2

0

2

4

6
x 10

5

Time [s]

V
el

oc
ity

 [d
ig

its
] 

 

 Real velocity
Measured velocity (set 2)

Figure 4.4: Real COG velocities compared with measured velocities done with
original and improved sensor matrices on Tx-axis.

basestone that gives large outputs on Z1FB, and which is interpreted as Tz
motion by the original matrix.

In practice, there are some uncertainties in the location of the COG point
and lengths used to calculate the sensor matrix, and the achieved result could
be less accurate.

4.2.2 Motor Steering Matrix

When calculating the transfer functions, the system has been excited with
random white noise by the electromechanical actuators on each of the six
logical axes. It is desirable to have a motor matrix that only excites one of
the vibration modes independently, which would result in a transfer function
with a single resonance peak.

Figure 4.6 shows that the transfer function of Ty with the improved matrix
of set 2 does indeed have only one resonance peak slightly above 1Hz, which
is the natural frequency of the Ty vibration mode. The system with the old
motor matrix, plotted with a dash-dotted line, shows another peak at around
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Figure 4.5: Real COG velocities compared with measured velocities done with
original and improved sensor matrices on Tz-axis.

2.5Hz which is the natural frequency of ϕx. Figure 4.6 also indicates that
the improved motor matrix gives a higher stability margin, which in turn
would allow a higher feedback gain. The improved stability margin appears
as a lower gain at high frequencies, without any decrease of the desired �rst
peak, which is used to control the Ty mode. In addition, the phase curve now
has a more desirable shape, with no dip at the second resonance frequency.

For axis ϕx and ϕy, the transfer function graph still had a second res-
onance peak present at around 1Hz. With the assumption that rotational
modes contain some translation movement, attempts where made to reduce
this behavior with an alternative motor matrix that also used the horizontal
actuators to rotate the basestone. Two di�erent graphs of ϕx are shown in
�gure 4.7, and it can be observed that the alternative motor matrix reduces
the �rst peak caused by cross-coupling from Ty, even though the decoupling
is not yet perfect.

In order to get a view on the cross-coupling between two axes, measure-
ments where done when the Tx mode was excited by the actuators, and then
measured on the ϕy axis by the sensors. By studying �gure 4.8, two impor-
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Figure 4.6: Transfer function of Ty measured on the machine.

tant conclusions can be drawn. Firstly, it can be seen that the second peak
is reduced i.e. less excitation of ϕy from Tx. Secondly, the �rst peak reveals
the fact that the rotational modes do possess a small amount of translational
movement, which can be observed by the sensor matrix.

The above conclusions were the main reasons for investigating the alter-
native modal decoupling strategy. This method has not been implemented in
the machine, but instead evaluated in the model. As expected, each transfer
function of the six vibration modes now only have one resonance peak which
can be observed in appendix A.2, and the magnitude of the o�-diagonal el-
ements (cross-coupling between axes) was considerably lowered. The modal
motor steering matrix proves that the rotational modes contain translational
motion, which can be seen as large values of the horizontal actuators on the
rotational axes (see appendix B.1), which the alternative matrix in �gure 4.8
had as well.
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Figure 4.7: Transfer function of ϕx measured on the machine.
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Figure 4.8: Transfer function from Tx to ϕy measured on the machine.
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4.2.3 RGA Analysis

When designing a decentralized control system, it is important to get an indi-
cation of its directionality and interactions between subsystems. In order to
measure the directionality of a MIMO control system, the condition number
γ can be used. The condition number of a matrix G is de�ned as the ratio
between its minimum and maximum singular value (4.14).

γ(G) =
σ(G)

σ(G)
(4.14)

If the system has a large condition number, it means that some combination
of input-output pairing has a strong e�ect on the output, while other com-
binations have a small e�ect on the output. A system with a large condition
number is therefore said to be ill-conditioned, and often implies limitations
on control performance [20]. However, γ(G) depends on scaling of the inputs
and outputs of the system, and it can therefore be di�cult to de�ne what is
to be considered as a large γ. The use of the condition number is therefore
limited to relative comparisons between similar systems.

RGA as Measurement of Interactions

The relative gain array can by used as a measurement of interactions be-
tween the di�erent loops in a MIMO control system, and has several useful
properties. RGA for a square matrix is de�ned as

RGA(G) = Λ(G) = G. ∗ (G−1)T (4.15)

Where �.*� denotes element-by-element multiplication. For a non-square ma-
trix, Λ(G) can be calculated by using the pseudo-inverse of G. The most
important properties of RGA can be summarized as:

1. RGA is scaling independent and can therefore be used directly to com-
pare systems.

2. The sum norm, ‖Λ(G)sum‖ is very close to the minimum condition
number i.e. the smallest condition number which can be achieved with
some set of input-output scaling.

3. RGA is equal to the identity matrix if G is upper or lower triangular.
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The second property implies that a system with large RGA elements is always
ill-conditioned, while the third indicates that RGA measures the two-way
interaction of the system. It is always desirable to have RGA as close to the
identity matrix as possible, since this means that the gain from ui to yi will
be una�ected by closing the other loops [19].

In most cases, the RGA elements will be frequency dependent. When
performing RGA analysis the frequencies of most importance are steady state
G(0) and crossover G(ωc). Analysis of the active support, with the steering
matrices of set 2, result in the following RGA matrices:

Λ(0) =

 −0.60 0.23 −0.21 −0.12 −0.89 2.59
−1.23 4.20 −1.16 0.12 −2.52 1.58
2.63 −1.10 1.03 −0.06 4.78 −6.28
−1.21 0.02 −0.34 1.01 −0.36 1.87
1.70 −2.42 5.75 0.01 0.86 −4.90
−0.29 0.07 −4.08 0.04 −0.87 6.13

 (4.16)

Λ(ωc) =

 1.09 0.00 0.00 0.00 −0.09 0.00
0.00 1.09 0.00 −0.09 0.00 0.00
0.00 0.00 1.00 0.00 0.00 0.00
0.00 −0.09 0.00 1.09 0.00 0.00
−0.09 0.00 0.00 0.00 1.09 0.00
0.00 0.00 0.00 0.00 0.00 1.00

 (4.17)

From (4.16) and (4.17) it can be seen that interactions between the loops
are small at crossover since Λ(ωc) ≈ I. At steady state, the interactions are
more signi�cant and good control could therefore be harder to achieve at
these frequencies.

In (4.17), it is also obvious that each row and column add up to one,
which is another of the algebraic properties of RGA.

In order to compare the amount of interactions between the reshaped
plant with the original set of steering matrices and the improved sets, the
RGA number of the reshaped plants have been plotted as a function of fre-
quency in �gure 4.9. The RGA number gives a good indication of the diagonal
dominance and is de�ned according to the simple relationship given in (4.18).

RGA− number = ‖Λ− I‖ (4.18)

It is always desirable to have as small RGA numbers as possible since this
would imply that the plant is close to diagonal with small interactions be-
tween the loops. Figure 4.9 shows very large peaks of the RGA number at
resonance frequencies for set 1. Set 2 reduces these peaks considerably, and
are clearly favorable compared to set 1. An interesting result is given by the
RGA numbers of set 3 which is almost zero at all frequencies. A conclusion is
that if the plant is decoupled with the matrices of set 3, then the performance
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of each loop in the decentralized feedback controller would not be limited by
interactions from other loops.
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Figure 4.9: RGA number for three plants with di�erent sets of steering ma-
trices.

RGA and Stability

RGA analysis of MIMO systems can also be valuable when evaluating sta-
bility. Once again, it is steady state and crossover frequencies which are of
greatest importance.

For a decentralized control system, it is desirable for it to have integrity.
This means that the overall system will remain stable when one or several
of the loops are opened or detuned. As given in [20], Decentralized Integral
Controllability (DIC) is achieved if there exists a decentralized controller with
integral action in each loop, such that it remains stable even after any of the
loops are detuned independently by a factor 0 to 1. A su�cient condition to
achieve DIC is that each of the diagonal elements of the RGA matrix (λii) is
positive at steady state, as given in (4.19).

DIC : λii(0) ≥ 0,∀i (4.19)
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One can see from (4.16) that Λ(0) contains a negative element in its diagonal
which would imply one of three possibilities: i) an unstable overall system
ii) loop one is unstable, or iii) an unstable overall system if the �rst loop is
opened. When studying Λ(0) for the other plants (di�erent sets of steering
matrices), it is found that set 1 and 2 both contains a negative element in
the diagonal, whereas set 3 does not. Once again, this is an argument as to
why set number 3 is more preferable to the other two.

For stability at crossover it is desirable to have RGA as close to I as
possible. This follows from the spectral radius condition [20], which can be
rewritten according to (4.20).

ρ(Sdiag(Gdiag(s)G(s)−1 − I)) < 1,∀ω (4.20)

Where Sdiag is the diagonal sensitive function for the decentralized controller,
Gdiag the diagonal subsystems of G and ρ is the spectral radius (largest ab-
solute eigenvalue). For condition (4.20) to be ful�lled, Sdiag must be small,
which is usually the case at lower frequencies where control is e�ective. At
higher frequencies, the condition is ful�lled if (Gdiag(s)G(s)−1− I) is close to
triangular, which leads to diagonal elements close to zero and hence eigenval-
ues close to zero. As mentioned earlier, a triangular G will result in a RGA
close to I, and condition (4.20) will then be ful�lled.

Figure 4.9 shows that the RGA numbers of the three sets are close to zero
at crossover (around 40rad/s), especially for set 2 and 3, which would imply
that stability issues caused by interactions between the loops should not be
any problems. Furthermore, it is possible to conclude that a larger stability
margin can be achieved with set 2 and 3, than with set 1.

4.3 Disturbance Rejection

The purpose of feedback control is to obtain a closed loop system that behaves
in a more desirable way than the uncompensated system. In the case of an
active vibration isolation system, this implies good disturbance rejection at
frequencies where the structure is �dynamically weak�, or at frequencies where
the disturbance is signi�cant. A system's ability to reject disturbances can
be measured with the closed loop sensitivity function. For the control system
given in �gure 3.1, under the in�uence of a disturbance d and measurement
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noise n, the closed loop response is given by

y = G(s)u+Gd(s)d (4.21)

y = GH(−y − n) +Gdd (4.22)

y = (I +GH)−1︸ ︷︷ ︸
S

Gdd− (I +GH)−1GH︸ ︷︷ ︸
T

n (4.23)

Where S is called the sensitivity function and T the complementary sensi-
tivity function. Figure 4.10 shows S and T for vibration mode ϕy, and it can
be concluded that the closed loop system o�ers high disturbance rejection at
the resonance frequency of the vibration mode, owing to a small magnitude
of S at these frequency. To reject the disturbances from X-Y stage move-
ments, which has a dominating magnitude below 1Hz, it is necessary to keep
S small below the resonance peak as well.

10
−2

10
−1

10
0

10
1

10
2

−35

−30

−25

−20

−15

−10

−5

0

5
From: Velocity Sensor Matrix (pt. 1, ch 5)  To: Out(1)

M
ag

ni
tu

de
 (

dB
)

 

 

Bode Diagram

Frequency  (Hz)

S

T

Figure 4.10: Sensitivity and complementary sensitivity function for ϕy.

The �gure also indicates the con�ict between S and T which follows from
the relationship S + T = I. A small magnitude of T is desirable to reduce
the e�ect of measurement noise, as indicated by (4.23). Measurement noise

57



4.4 Limitations Evaluation

is most signi�cant at higher frequencies and the usual design speci�cation is
therefore to keep S small at low frequencies and T small at higher frequencies.
The complementary sensitivity function also provides a measurement of the
system's robustness and sensitivity to model errors. Thus, it is desirable to
have a small T where the system's uncertainty is large.

Another important aspect in a decentralized control system is the in�u-
ence of interactions from subsystems of the control system, and how they
may endanger stability. For a decentralized control system, Tdiag is the com-
plementary sensitivity function for the individual loops, and can be viewed
as a measurement of design uncertainty [20]. So to keep the entire system
stable (T stable), it is necessary to have Tdiag small where interactions are
large. From �gure 4.9 it was concluded that interactions are large at reso-
nance frequencies, where T in �gure 4.10 is large as well. Once again, this
demonstrates the advantages in terms of stability for a decentralized control
system that is well decoupled.

4.4 Limitations

The plant controlled with the compensators reviewed in the previous chapters
were stable for all choices of controller gains. In practice, the maximum
gain is limited by several imperfections that may endanger stability of the
controlled plant. Such limitations could for example be caused by phase
shift due to dynamics of the sensors and actuators, or time delays in the
controller due to sampling. Other limitations may be due to the fact that
the force available for control is �nite, which might cause input saturation.

Knowledge of the characteristics of the sensors, actuators and digital con-
troller is very limited on account of insu�cient information from the manu-
facturer on the subject of the active support. Nevertheless, this section will
consider the most crucial aspects that may cause instability, and how they
might a�ect the performance of the control system.

4.4.1 Sensor and Actuator Dynamics

One of the most crucial factors is guessed to be the low frequency limit of
the velocity sensors. The low frequency behavior of the velocity sensors can
be well approximated with a second order high-pass �lter [17] [11]. With
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included sensor dynamics, the loop transfer function is given by

L(s) = G(s)H(s)A(s) (4.24)

Where A(s) includes the sensor and/or the actuator dynamics. With the
sensor dynamics approximated with a second order high-pass �lter, A(s)
becomes

A(s) =
ω2
a

s2 + 2ξωas+ ω2
a

(4.25)

The related root locus plot for the control system with direct velocity feed-
back is given in �gure 4.11. It is assumed that the damping is ξ = 0.7 (usual
value for these types of sensors [17]), and that the natural frequency is one
half of the lowest vibration mode ωa = ω1/2. The result can be compared
with �gure 3.6, where the same control system is plotted without sensor
dynamics.
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Figure 4.11: Root locus plot for Tx with sensor dynamics.

It can be observed that the extra poles in A(s) brings asymptotes inside
the right half plane, and leading to an unstable closed loop system for gains
larger thanKu. The plot also indicates that the vibration mode can no longer
be critically damped, and that the maximum gain is achieved at the gain
Kopt. If ωa is much smaller than the lowest vibration mode, the root locus
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plot once again converges toward �gure 3.6, and the vibration mode can still
be critically damped. In this particular case, ωa needs to be approximately
ω1/10 for the vibration mode to be critically damped.

However, the system is still not stable for large gains, which is demon-
strated in �gure 4.12. The �gure shows the bode plot of the loop transfer
function, and how the high pass �lter causes a phase increase of 180 degrees
at steady state. There is now a restriction on the maximum gain for the
feedback loop, which is not allowed to exceed 0 dB before the phase is within
±180 degrees. Obviously, the dynamics of the sensor limits control in the
low frequency region, which requires high gain at these frequencies. The
control system becomes insensitive to actuator and sensor dynamics only if
ωa << ω1, which can be di�cult to realize since the lowest vibration mode
is located at about 1Hz.

The same argument as above follows for the actuators as well, even though
they are assumed to have a better low frequency behavior. High frequency
behavior of sensor and actuators can be approximated with a second order
low-pass �lter [11], but with the highest vibration mode located at about
2.5Hz they should be less of a problem.
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Figure 4.12: Bode plot of Tx with limitations caused by neglected dynamics.
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4.4.2 Time delays

Computational time delays in the control loop are another issue that may
cause instability. Such time delays are especially critical if a digital control
system is being implemented, as for the active support. The addition of a
time delay τ in the feedback path gives the controller the modi�ed transfer
function

H(s) = e−sτH(s) (4.26)

In terms of the bode plot, the in�uence of a time delay is given by a phase lag
at higher frequencies, as shown in �gure 4.12. A higher limit of the achievable
bandwidth of the control system is thus given by the delays in the loop.

In order to minimize the e�ect of an unmodelled phase shift and maintain
a robust controller, it should be based primarily on velocity feedback. This
is in line with the conclusions from previous works such as [8], [21] and [12].
Therefore, velocity feedback is widely used in practice to add damping to
otherwise lightly damped mechanical structures.

Time delays is also a limiting factor for the feedforward compensation,
where the time between the actual motion and the signal is required to be
small for the compensation to make the correct action. The e�ect depends
on the stage acceleration, velocity and stroke, as well as stage mass. A rule
of thumb for the maximum allowed time delay is given by the manufacture's
of the active support. When Micronic �rst designed the interface for the
feedforward control, this recommendation was used as a criterion for the
time delays of the feedforward signals. This requirement seems to be met
and time delays are thus not the most crucial performance limitation of the
feedforward compensation. This can also be seen from �gure 4.2, where the
disturbance rejection in the machine is not that far from the one obtained
with simulations in the ideal model (compare with �gure 4.3).

4.4.3 Input saturation

The actuators have a maximum force that they can deliver, which may put
limitations on the achievable control. For acceptable disturbance rejection,
it is necessary that |u| < 1 for the worst case |d| = 1, if scaled variables are
used. With the output given as e = y = Gu + Gdd, which is not allowed to
exceed 1, it is required that

|G| > |Gd| − 1 (4.27)
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With the motion of the X-Y stage as the disturbance model, and position
requirements given in section 2.4, condition (4.27) is satis�ed. Input satura-
tion is therefore not assumed to be a limiting factor in order to satisfy the
speci�cations, which is con�rmed in section 5.1.
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Chapter 5

Results and Conclusion

In this chapter, the main results and conclusion of this master thesis will be
summarized. Areas like: the use of the thesis, possible bene�ts, and further
improvements will be covered. To provide an answer to these questions, this
chapter will return to the primary problem statement.

5.1 Lifetime of Pneumatic Valves

In the beginning of this thesis, it was stated that improved control perfor-
mance of the active support could prolong the service life of the pneumatic
valves. To examine if this statement is valid, some related simulations from
the model will be evaluated in this section. The simulations will cover the
three following aspects:

• Ability to minimize e�ect of stage movements

• Ability minimize the e�ect of a malfunctioning valve

• Ability to reduce the workload on the pneumatic valves

The active support has basically two main objectives; to damp out struc-
tural resonances, and to keep the isolated unit still at a reference position.
While the �rst requirement is ful�lled by the original controller, its ability
to maintain a static position during stage movements is inadequate. Hence,
the simulations will focus on the response measured as absolute position of
the isolated unit while exposed to two di�erent types of disturbances. If no
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oscillatory behavior at structural resonances can be observed in the output,
then it is veri�ed that the controller actually provides su�cient damping.

Stage Movements

In the �rst simulation, the e�ect of using di�erent decoupling matrices is
evaluated. No other changes are made, so the feedback and feedforward
controller is the same. The feedforward controller has been detuned to give
outputs with a magnitude of about 2.5, in order to simulate a compensation
that is imperfect. Results are plotted in �gure 5.1, and the e�ect of minimiz-
ing the cross-coupling between axis in the feedback path, can be observed
as moderate improvements in the absolute position of the isolated unit. The
di�erent sets are given in appendix B.1.
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Figure 5.1: Vertical proximity sensors during X-stage movements with three
di�erent feedback decoupling strategies.

The second simulation evaluates three di�erent controllers, given in ap-
pendix B.2. H1 is the original controller, H2 is a controller based on velocity
feedback and designed according to section 3.6.1, H3 is a controller based on
both velocity and position feedback and also designed according to section
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3.6.1. In the simulation, the modal decoupling matrices were used for all
three measurements, as well as the same feedforward compensation. When
designing H2 and H3, the disturbance from stage movements was used as a
reference for shaping the open loop transfer function, so that L ≈ Gd. Here,
Gd was scaled so that |dmax| ≤ 1 and emax < 1 where e = 1 is the maximum
allowed position error. From �gure 5.2, it can be observed that H2 and H3

do indeed ful�ll this requirement since the output is kept below 1.
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Figure 5.2: Z1Prox during X-stage movements with three di�erent feedback
compensators.

Malfunctioning Valve

In the third simulation, a step disturbance enters the system at the location
of isolator 2. An additional vertical force simulates a pressure drop in valve
2 at Time= 4s, which could be caused by a malfunctioning valve. The
pressure inside the isolator is then slowly restored and once again normal at
Time= 10s. Hence, the result can not fully be compared to a traditional
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step response. The result is plotted in �gure 5.3, and it can be concluded
that H2 and H3 rejects this type of disturbance better than H1. It could
also be noticed that H1 returns faster to the reference position, but since the
objective is to minimize the maximum position error, this is not considered
to be a problem.
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Figure 5.3: Z2Prox during simulated pressure drop with three di�erent feed-
back compensators.

Workload on the Pneumatic Valves

The hypothesis stated in the beginning of this thesis was that the workload
on the pneumatic valves could be minimized by optimizing the control of the
active support. The underlying idea is that when the center of gravity is
shifted due to a change of position of the X-Y stage, the pneumatic leveling
system needs to compensate for the displacement of the isolated unit. So if
the feedforward compensation could be optimized to entirely cancel out the
e�ect of a shifted stage, then there would be no workload on the pneumatic
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valve. With no workload, the valve would not be worn out. However, since
a perfect disturbance cancellation is impossible to achieve in practice, the
question is how the lifetime is a�ected by a reduction of the workload. The
pneumatic valve is �actuating� by regulating the air�ow in and out of the
pneumatic isolator. So if the lifetime of the valve could be extended by
minimizing the air�ow through the valve, then the above assumption is valid.
With limitations on the maximum achievable performance of the feedforward
system, a more feasible solution would probably be to minimize the e�ect of
a malfunctioning valve with feedback control like in �gure 5.3.

5.2 Model based or not

The control system was originally installed and tuned based on a combina-
tion of experience and online tuning. Since most of the work in this paper
has been related to and based on the mathematical model of the active sup-
port, it o�ers an interesting comparison between the two design methods.
It would be reasonable to assume that the achievable control performance
increases with the amount of information that is available for the problem
at hand. Therefore, a detailed model of the control problem could facilitate
and improve the design process. On the other hand, a controller that relies
heavily on model information is less robust i.e. more sensitive to model er-
rors. Robust controllers are often crucial in active control of lightly damped
mechanical structures because of open loop poles located close to the imagi-
nary axis (in terms of the root-locus), where an erroneous model may easily
cause the closed loop poles to enter the right-half s-plane.

A detailed process model can sometimes be very hard and time consum-
ing to obtain, especially for more complex systems. That motivates the use
of simpli�ed models and simple control structures, such as decentralized con-
trol. Two fundamental reasons for applying decentralized control is to reduce
model e�ort and make the control system easier to understand and operate
with relatively simple controllers. This would contradict the need of a de-
sign which relies strongly on model information. Nevertheless, the model has
proven to be valuable when redesigning the control structure. For example,
the �rst objective in order to improve performance was to eliminate cross-
coupling between axes, and the model provided the necessary information
to calculate optimal theoretical decoupling matrices for the active support.
New decoupling matrices required redesign of the feedforward compensation,
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and once again, the model was used to calculate the optimal controller. Even
though some retuning was necessary after implementation, the design pro-
vided a good starting point and only small modi�cations were necessary to
obtain good performance. Since a task like tuning the feedforward matrix can
be extremely time consuming, a model based approach could save valuable
time and thus reduce costs.

5.3 Further Improvements

Decoupling with the improved second set of matrices given in appendix B.1
has been implemented and validated through experiments on the actual ma-
chine. Experiments have proven that the cross-coupling could be signi�cantly
reduced by using this set of matrices. The third set of matrices given in
appendix B.1 has not yet been implemented. Analysis done in the model
indicates that the cross-coupling could be further reduced by using this set.
Since the model has proven to be reliable in this particular aspect, it is rea-
sonable to assume that implementation of the third set would give further
improvements in practice as well.

This thesis has made an attempt to improve the feedforward compen-
sation using a more theoretical approach than the one that was originally
used to design the feedforward compensation. Numerous experiments indi-
cate that it is not the cross-coupling e�ects or the di�culty in tuning the
controller by hand that limit the performance of the feedforward control,
but rather imperfections in the dynamics of the actuators. If it is crucial
to achieve an improved performance over the entire operating range, it is
necessary to somehow have a controller that adapts itself to the di�erent set-
points. In that case, it is important to evaluate the possible bene�ts against
the time and cost it takes to develop such changes.

Little practical work has been devoted to the improvement of feedback
control in this thesis. Stability issues have turned out to be a limiting factor
of the control system's ability to meet speci�cations. The work in this thesis
has proven to enhance the stability margins of the control system, both in
the model and in the machine. The increased stability margins are related to
reduced interactions between the loops. As a next step, it could be interesting
to evaluate how this a�ects the best performance that could be achieved with
experiments on the machine.
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5.4 Conclusion

This thesis has covered three di�erent types of decoupling strategies based on
di�erent levels of system knowledge. The �rst method, which was originally
implemented in the machine, is based on basically no system information at
all. While the method has the advantage of being very simple and easy to
implement, it results in a control structure with prominent cross-coupling
phenomena between the control loops.

The second method is based on some prior information of the mechanical
system since it requires the location of the structure's COG. In this case, the
distances from the di�erent sensor and actuator locations to the structure's
COG are taken from a CAD model of the system. This information has
turned out to be very accurate, and the method has proven to reduce the
cross-coupling e�ect signi�cantly. Since a CAD model of the system is not
always available and could be time consuming to obtain, some kind of approx-
imation of the structure's properties becomes necessary. This could be more
or less di�cult depending on the complexity of the structure. The method
is based on the simpli�cation that the shapes of the vibration modes have
the same direction as the geometrical axes. Consequently, the method will
perform better the closer the vibrational modeshapes are to the geometrical
axes.

The third method relies heavily on system knowledge and a mathematical
model of the system. The shape of the vibration modes is taken from an
eigenvalue analysis of the model. The decoupling elements are then used to
transform the geometrical axes to modal coordinates, on which the feedback
control is applied. The method has proven to be very e�cient and results
in a plant with almost no cross-coupling e�ect. However, the method has
not yet been implemented in the machine, and its practical use is somewhat
uncertain. Considering the resemblance between the model and the real
system when implementing the second COG method, it is believed that the
modal method will have similar e�ect on the system as on the model.

As a conclusion, the possibility of decoupling the system relies on the
amount of information available; no information, basic mechanical proper-
ties or a mathematical state space model of the system. The advantages are
better performance, increased stability and a control system that is easier
to tune and operate. In terms of only feedback control, there are no appar-
ent disadvantages. For the active support, however, the feedback control is
connected with the feedforward control through the motor steering matrix.
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As a result, a motor steering matrix calculated with the modal method for
example, leads to a feedforward matrix that is less intuitive and more compli-
cated to tune by hand. In this case, the model-based method to calculate the
feedforward gains provides a valuable tool to e�ortlessly obtain a feedforward
controller.

The hypothesis that reduced cross-coupling between logical axes would
improve the feedforward compensation has turned out to be somewhat incor-
rect. This can be explained by the fact that the feedforward control output
depends on a multiplication of two matrices. So regardless of the choice of
the motor matrix, there always exists an optimal feedforward matrix, given
that all actuators have non-zero elements in the motor matrix. This state-
ment has been validated by simulations in the model. Reduced cross-coupling
does, however, make the feedforward matrix more intuitive since it no longer
needs to compensate for the cross-coupling phenomena. Furthermore, the
given method of calculating the feedforward controller was an attempt to
come closer to an �optimal� controller and achieve an improved performance.
This thesis gives an indication of the performance that could be achieved
under ideal conditions, and that similar results could be achieved in the ma-
chine at a speci�c working point. This thesis also proves that the problems
of achieving a perfect overall feedforward controller is not related to cross-
coupling e�ects or di�culties to tune the controller by hand, but instead on
other imperfections like actuator dynamics.

Finally, it has been demonstrated that the e�ect of a malfunctioning valve
can be minimized with a tighter control in lower frequencies. Improvements
are obtained when the velocity/position loops assist the pneumatic control
loop in its active range. Increased low-frequency control is obtained at the
cost of reduced stability margins. At the same time, it con�icts with other
requirements of the active support. Since all improvements of a certain spec-
i�cation in practice is obtained at the cost of lower margins on another, it
is important to de�ne the purpose of the active support, and then make a
compromise between the di�erent speci�cations to get the best overall per-
formance. A proposal for such a compromise is given in this thesis.
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Appendix A

Measurements

A.1 Feedforward
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Figure A.1: X-stage movements at di�erent y-positions. Upper plot:
YPOS=−ymax, Middle plot: YPOS=ymax, Lower plot: YPOS=ymax with
only the X-stage related part of the feedforward controller active.
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A.2 Decoupling Measurements

A.2 Decoupling
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Figure A.2: Transferfunctions of the six vibration modes with the three dif-
ferent decoupling matrices. Figure 1: Tx, Figure 2: Ty, Figure 3: Tz, Figure
4: ϕx, Figure 5: ϕy, Figure 6: ϕz
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Appendix B

Compensators

B.1 Steering Matrices

Set 1, Original Matrices

Table B.1: Original Motor Matrix
Tx Ty Tz ϕx ϕy ϕz

X1 0 0 0 0 0 0

Y1 0 0.5500 0 0 0 0.550

Z1 0 0 -0.250 -0.250 0.25 0

X2 0.500 0 0 0 0 0

Y2 0 0 0 0 0 0

Z2 0 0 -0.275 -0.250 -0.250 0

X3 0 0 0 0 0 0

Y3 0 -0.500 0 0 0 0.500

Z3 0 0 -0.250 0.250 -0.250 0

X4 -0.500 0 0 0 0 0

Y4 0 0 0 0 0 0

Z4 0 0 -0.250 0.250 0.250 0

Table B.2: Original Sensor Matrix
Tx Ty Tz ϕx ϕy ϕz

X1FB 0 0 0 0 0 0

Y1FB 0 0.5000 0 0 0 0.5000

Z1FB 0 0 0.5000 0 -0.5000 0

X2FB 1.0000 0 0 0 0 0

Y2FB 0 0 0 0 0 0

Z2FB 0 0 0 0.5000 0.5000 0

X3FB 0 0 0 0 0 0

Y3FB 0 -0.5000 0 0 0 0.5000

Z2FB 0 0 0.5000 -0.5000 0 0
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Table B.3: Original Feedforward Matrix
XPOS XACC YPOS YACC

Tx 0 7.0000 0 0

Ty 0 0 0 78.0000

Tz 0 0 0 0

ϕx 0.4000 0 44.0000 -23.0000

ϕy 7.5000 -4.5000 -4.7000 0

ϕz 0 0 0 0

Set 2, COG Matrices

Table B.4: COG Motor Matrix
Tx Ty Tz ϕx ϕy ϕz

X1 0 0 0 0 0 0

Y1 0 0.4355 0 0 0 0.5000

Z1 -0.1280 0.1173 -0.1692 -0.2177 0.2500 0

X2 0.4675 0 0 0 0 0

Y2 0 0 0 0 0 0

Z2 0.1280 0.1173 -0.2983 -0.2823 -0.2337 0

X3 0 0 0 0 0 0

Y3 0 -0.5645 0 0 0 0.5000

Z3 0.1280 -0.1173 -0.2662 0.2500 -0.2662 0

X4 -0.5325 0 0 0 0 0

Y4 0 0 0 0 0 0

Z4 -0.1280 -0.1173 -0.2662 0.2500 0.2500 0

Table B.5: COG Sensor Matrix
Tx Ty Tz ϕx ϕy ϕz

X1FB 0 0 0 0 0 0

Y1FB -0.5770 0.4292 0 0 0 0.5000

Z1FB 0.2469 0 0.4325 0 -0.5000 0

X2FB 1.0000 0 0 0 0 0

Y2FB 0 0 0 0 0 0

Z2FB -0.2469 -0.2263 0.0432 0.5000 0.5000 0

X3FB 0 0 0 0 0 0

Y3FB -0.5770 -0.5708 0 0 0 0.5000

Z3FB 0 0.2263 0.5243 -0.5000 0 0
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Table B.6: COG Feedforward Matrix
XPOS XACC YPOS YACC

Tx -0.0701 7.0689 0.7450 -1.2747

Ty -0.0228 -0.0881 2.0191 39.5757

Tz 0.0018 0.0088 -1.3473 0.0322

ϕx 0.2819 0.0045 44.9991 -1.8069

ϕy 8.5104 -0.8041 -3.1130 0.5354

ϕz -0.0051 -1.0187 -0.0764 10.0177

Set 3, Modal Matrices

Table B.7: Modal Motor Matrix
Tx Ty Tz ϕx ϕy ϕz

X1 0 0 0 0 0 0

Y1 -0.0142 0.4547 0.0190 0.1772 -0.0630 0.2774

Z1 -0.0826 0.0986 -0.1986 -0.0456 0.1637 -0.0188

X2 0.4708 -0.0079 -0.0142 0.0810 0.2165 0.2223

Y2 0 0 0 0 0 0

Z2 0.0834 0.1065 -0.2839 -0.1946 -0.0657 0.0235

X3 0 0 0 0 0 0

Y3 -0.0044 -0.5453 -0.0249 -0.1613 0.1521 0.1607

Z3 0.1279 -0.0870 -0.2869 0.0634 -0.1646 0.0169

X4 -0.5292 -0.1003 0.0073 -0.0652 -0.1237 0.2554

Y4 0 0 0 0 0 0

Z4 -0.1223 -0.1017 -0.2305 0.2117 0.0508 -0.0249

Table B.8: Modal Sensor Matrix
Tx Ty Tz ϕx ϕy ϕz

X1FB 0 0 0 0 0 0

Y1FB -0.6106 0.3591 0.0132 0.0708 -0.2389 0.5509

Z1FB 0.4429 -0.0095 0.4424 -0.2499 -0.6463 0.0898

X2FB 1.0000 0.0544 0.0019 0.0989 0.4564 -0.0160

Y2FB 0 0 0 0 0 0

Z2FB -0.3987 -0.4037 0.0361 0.5918 0.3537 -0.1035

X3FB 0 0 0 0 0 0

Y3FB -0.5398 -0.6408 -0.0165 -0.1612 0.0484 0.4491

Z3FB -0.0440 0.3967 0.5215 -0.4082 0.3678 0.0160
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Table B.9: Modal Feedforward Matrix
XPOS XACC YPOS YACC

Tx -5.8692 7.9839 7.9872 -5.7604

Ty 1.0576 -0.1314 -29.8701 41.3736

Tz -0.0019 0.0517 1.3216 0.3025

ϕx 5.1572 -0.7877 54.1921 -4.9076

ϕy 10.9538 -1.8629 -33.4902 4.6429

ϕz -3.2056 -0.4195 -0.2330 12.7762

B.2 Feedback Compensators

Velocity feedback compensator H1

Structure:

h(s) = Kv · k3
s+ k1

s+ k2

Table B.10: H1 Parameters

Kv k1[Hz] k2[Hz] k3

Tx 0.1 1.4 0.4 0.7

Ty 0.05 2 0.4 0.7

Tz 0.2 1.5 0.6 0.8

ϕx 0.2 2 0.8 0.8

ϕy 0.1 2 1.2 1

ϕz 0.23 1.5 0.2 0.8

Additional �lters:

hϕx =
s+ 18

s+ 120

hTy =
s

s+ 0.4

Velocity feedback compensator H2

Structure:

h(s) = k3
s+ k1

s+ k2
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Table B.11: H2 Parameters

k1[Hz] k2[Hz] k3

Tx 2 0.05 0.12

Ty 2.5 0.3 0.12

Tz 1.5 0.3 0.09

ϕx 2 0.04 0.21

ϕy 2 0.3 0.06

ϕz 1.5 0.1 0.07

Table B.12: Velocity Feedback Gains

Kv

Tx 0.06

Ty 0.05

Tz 0.02

ϕx 0.16

ϕy 0.05

ϕz 0.05

Velocity and Position Feedback Compensator H3

Velocity feedback structure:
h(s) = Kv

Position feedback structure:

h(s) = Kp
s

s+ a

Table B.13: Position Feedback Parameters
Kp a[Hz]

Tx 45 0.1

Z1p 25 0.1

Z2p 25 0.1

Z3p 25 0.1

81


	Nomenclature
	Introduction
	Background
	Objectives

	Active Vibration Control
	Active and Passive Isolation
	System Description
	Modeling
	Specifications

	Control System Design
	Feedforward
	Decentralized Feedback Control
	Decoupling
	COG Decoupling
	Modal Decoupling
	Feedback

	Evaluation
	Feedforward
	Decoupling
	Disturbance Rejection
	Limitations

	Results and Conclusion
	Lifetime of Pneumatic Valves
	Model based or not
	Further Improvements
	Conclusion

	Bibliography
	Appendices
	Measurements
	Feedforward
	Decoupling

	Compensators
	Steering Matrices
	Feedback Compensators




