EINDHOVEN
e UNIVERSITY OF
TECHNOLOGY

Identification and active thermomechanical control in precision
mechatronics

Citation for published version (APA):
Evers, E. (2021). Identification and active thermomechanical control in precision mechatronics. [Phd Thesis 1
(Research TU/e / Graduation TU/e), Mechanical Engineering]. Technische Universiteit Eindhoven.

Document status and date:
Published: 07/01/2021

Document Version:
Publisher's PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

* A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOl to the publisher's website.

* The final author version and the galley proof are versions of the publication after peer review.

* The final published version features the final layout of the paper including the volume, issue and page
numbers.

Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
* You may not further distribute the material or use it for any profit-making activity or commercial gain
* You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:

openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 08. Feb. 2024


https://research.tue.nl/en/publications/d471b69d-a299-411c-84de-663df698afe8

ldentification and Active
Thermoaemechanical Control
INPrecision Mechatronie

Enzo Evers



Identification and Active
Thermomechanical Control in
Precision Mechatronics

Enzo Evers



di
The author has successfully completed the educational program of the Graduate School
of the Dutch Institute of Systems and Control (DISC).

>~
ATC
This work is supported by the Advanced Thermal Control Consortium (ATC).
EINDHOVEN
I U e UNIVERSITY OF
TECHNOLOGY

A catalogue record is available from the Eindhoven University of Technology Library.
ISBN: 978-90-386-5190-3

Reproduction: Gildeprint - Enschede.

(© 2020 by E. Evers. All rights reserved.



Identification and Active
Thermomechanical Control in Precision
Mechatronics

PROEFSCHRIFT

ter verkrijging van de graad van doctor aan de
Technische Universiteit Eindhoven, op gezag van de
rector magnificus prof.dr.ir. F.P.T. Baaijens, voor een
commissie aangewezen door het College voor
Promoties, in het openbaar te verdedigen
op donderdag 7 Januari 2021 om 16:00 uur

door
Enzo Evers

geboren te Tilburg



Dit proefschrift is goedgekeurd door de promotoren en de samenstelling van de
promotiecommissie is als volgt:

voorzitter: prof.dr. H. Nijmeijer

1¢ promotor: dr.ir. T.A.E. Oomen

2¢ promotor: dr.ir. A.G. de Jager

leden: prof.dr. J. Sjoberg (Chalmers University of Technology)
prof.dr.ir. J.F.M. Schoukens (Vrije Universiteit Brussel)
prof.dr.ir. J.P.M.B. Vermeulen

adviseurs: dr.ir. J.M.M.G. Noél
dr.ir. R.W. van Gils (Philips Innovation Services)

Het onderzoek dat in dit proefschrift wordt beschreven is uitgevoerd in
overeenstemming met de TU/e Gedragscode Wetenschapsbeoefening.



Summary

Identification and Active Thermomechanical Control in
Precision Mechatronics

In modern times, technological advancements and innovations are ubiquitous.
To facilitate these developments requires tremendous effort in the high-tech man-
ufacturing, life sciences and the medical industry. These industries often employ
sophisticated multidisciplinary machinery, particularly in the electro-mechanical
domain that we often denote as mechatronics. Keeping up with the increased
demands on accuracy and throughput on these mechatronic systems requires
complex systems-of-systems based designs and advanced control methods. Im-
pressive progress in advanced motion control of precision mechatronics has led to
a situation where motion systems are capable of positioning up to the nanometer
scale. As a result of these advancements, the positioning errors are almost com-
pletely compensated and thermally induced deformations have relatively become
more pronounced on the overall system performance. Therefore, the thermome-
chanical aspects are no longer negligible and must be taken into account.

Accurate modeling of thermomechanical systems is challenging, e.g., due
to transient dynamics with large time constants, model parameter uncertainty,
and model complexity. In sharp contrast, modeling for advanced motion control,
using frequency response function (FRF) measurements, is fast, accurate, and
inexpensive.

Classically, control of thermal systems is done using a heater based actua-
tion system. However, these actuators are limiting for active thermal control
since they do not allow for cooling. In this thesis, first steps towards active
thermal control using thermoelectric elements are taken. These elements allow
dynamic temperature control, i.e., both heating and cooling. To facilitate their
use in thermal control, a comprehensive framework for modeling and control is
presented.

The aim of this thesis is to provide a concrete approach to move towards ac-
tive thermomechanical control in precision mechatronics. Modeling and control
methodologies are developed covering both the thermal and mechanical domain.
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The contributions are divided into the following research areas.

1) Modeling: An approach is developed that provides a fast and accurate
modeling procedure for thermal systems. It addresses several challenges that
are typically faced when modeling the thermodynamics in mechatronic systems.
Specifically, transients are addressed by using a local modeling approach. A novel
algorithm is developed that facilitates appropriate incorporation of prior knowl-
edge into the local modeling domain. The resulting framework allows for fast
and accurate identification of frequency response functions of thermomechanical
systems with reduced experiment time when compared to traditional methods.
Moreover, the accuracy is further improved by the incorporation of ambient air
temperature measurements as an additional excitation source. The identifica-
tion technique is implemented on various experimental setups and industrial
applications and yields significantly improved identification results under tran-
sient conditions. A high-fidelity parametric model is obtained by constructing
a lumped-mass parametric model and leveraging the improved frequency re-
sponse function to calibrate the model parameters. This grey-box approach is
shown to be successful in an industrial application case study. In this thesis,
an approach to temperature-dependent modeling of thermoelectric elements is
presented using a first principles approach with parameters based on experimen-
tal measurements. The procedure yields a temperature-dependent model that
is valid for a large operating range, facilitating the use in applications beyond
those of steady state operation.

2) Actuation: To accurately control a thermoelectric element is challenging
since its dynamics are both state-dependent and non-linear. By leveraging the
temperature-dependent model a feedback linearization technique is presented
that achieves linearity and stability of the input to output dynamics of the ther-
moelectric element. Moreover, by using an model-based observer, this linearizion
is achieved using a limited number of temperature sensors.

3) Control: In this thesis a systematic procedure for bi-directional coupling
of multiple systems to achieve improved overall performance in a systems-of-
systems application is presented. It provides filter design guidelines combined
with a robust stability guarantee. The procedure is illustrated in an industrial
case study of a waferscanner and can also be applied in the thermomechanical
domain to provide inter-disciplinary coupling.

The overall result of this thesis is a comprehensive approach for the identifica-
tion and control of thermomechanical aspects in precision mechatronic systems.
Facilitating the transition towards an active thermomechanical control approach
by providing contributions in the areas of modeling, actuation, and control.
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CHAPTER

Introduction

Abstract: For next-generation mechatronic systems it is expected that a
passive isolation approach to thermally induced deformations is no longer
sufficient to achieve the increased demands on accuracy and throughput. The
main idea pursued in this thesis is geared towards predicting and controlling
thermally induced deformations. This is done by taking an active approach
towards thermally induced deformations through accurate modeling, actuation,
and control. In this chapter, the context for this thesis is presented,
accompanied by the research challenges and the contributions.
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1.1. Digital industrial revolution

Almost every aspect of modern society is infused with digital technology. The
vast amount of information available through a pocket size smartphone would
have been unimaginable only a generation ago. Equally impressive is the rate of
development and adoption of new technologies in the manufacturing industry.
These developments are a key enabler for globalization, innovation, and trade
(Manyika et al., 2012) by facilitating new means of affordable intercontinental
logistics and real-time global communication pipelines.

In the manufacturing industry this increase in real-time communication pos-
sibilities has yielded a fast-paced transition towards digitalization of traditional
manufacturing and industrial practices, using modern smart technology. It can
be considered as both a result of and facilitator for high-tech mechatronic man-
ufacturing systems. Great progress has been made in the different fields of
research and manufacturing, examples of this progress, shown in Figure 1.1,
include the following.

e In the field of life and material sciences, transmission electron microscopes
have become increasingly capable of imaging to the atomic level (De Jonge
et al., 2010). Current generation microscopes are able to visualize, with
great accuracy, the atomic structure of complex molecules and crystalline
formations.

e In the semiconductor industry wafer scanners are used in the exposure
step, where an image of a chip layer is exposed onto a photo resist in a
lithographic process. Positioning accuracy and stability during this process
is crucial in obtaining accurate exposure of the semiconductor substrate.
Impressive progress in waferscanner technology (Heertjes et al., 2020) is the
key enabler for Moore’s law (Moore, 1965) which states that the number
of transistor per surface area of the semiconductor die will double every
18 months.

e In the medical industry, blood diagnostics that were classically performed
in a full size lab, can now be performed in a lab on a chip by leveraging
advancements in microfluidic actuators and sensors. These handheld diag-
nostic devices enable improved quality of life for patients by reducing the
need for hospital visits. Mass production of these systems can reduce the
cost price and improve the availability of high quality medical care in less
affluent countries. Moreover, inexpensive and rapid testing offers major
advantages in managing the initial outbreak during a viral epidemic (Zhu
et al., 2020).
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Figure 1.1. Examples from different industries that have made revolutionary
progress in research and manufacturing technology. Illustrating a transmission
electron microscope (a), a waferscanner (ASML, 2020) (b), and a handheld
blood diagnostic device (Philips, 2020) (c).

1.1.1. Digitalization in manufacturing

The digital revolution is a strong driving factor of the shift in the classical man-
ufacturing paradigm. This shift is seen in examples such as moving from a tradi-
tional printing press to printing on demand through cloud services and from mass
parts production using expensive molds to one-off prototype production using
additive manufacturing in 3-D printers. These developments are accompanied
by manufacturing equipment that transitions from largely mechanical devices to
a complex mechatronic systems often consisting of multiple sub-systems.

The term mechatronics is ubiquitous in both industry and academia and it
was first coined by Japanese engineer Tetsuro Mori of the Yasakawa electric com-
pany in 1969 (Dixit et al., 2017). Its conception was a result of a combination of
‘mecha’ from mechanics and ‘tronics’ from electronics. It involves the integra-
tion between components, i.e., hardware, and information-driven functionality,
i.e., software, resulting in integrated systems (Isermann, 2005). More precisely,
in this thesis, and in line with Bolton (2019), mechatronic system design is de-
scribed as a design philosophy where there is a co-ordinated and concurrent effort
to incorporate mechanical engineering with electronics and computer science in
the design of products and processes. Consequently, it is common in mechatronic
systems that mechanical functionality is replaced by electronic adaptations. This
facilitates agile design principles where the mechanical design, that is often ex-
pensive and time consuming to iterate over, is complemented by fast moving
developments in electronics and computer algorithms.

A prime example of a mechanical controller that was commonplace in indus-
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(a) Centrifugal governor. (b) Cam timer mechanism (c) Embedded controller.
(Wikimedia and  Fylip22,
2010).

Figure 1.2. Examples of traditional, mechanical, control systems (a,b) and
their modern implementation (c).

try is the centrifugal governor shown in Figure 1.2a adapted by James Watt to
regulate the rotational speed of steam engines by controlling the valve based on
centrifugal force on the rotating balls. A more recent example is a cam timer
mechanism, shown in Figure 1.2b, often used in washing machines. This is al-
ready considered as a mechatronic system since it uses an electrical motor to
drive a mechanical cam timing mechanism to schedule the pump, wash, and
centrifuge parts of a washing cycle. It relies on the fixed frequency of the AC
power grid and the electrical motor to provide accurate timing.

In modern systems, both examples presented in Figure 1.2 are often replaced
by a digital controller, implemented on an embedded microprocessor as shown in
Figure 1.2c¢, complemented with sensors and electro-mechanical actuators. This
facilitates additional functionality such as reporting error codes and actively re-
sponding to a system malfunction. Moreover, these devices are getting increas-
ingly connected to other devices through real time communication pipelines.
This has led to the Internet-Of-Things (IOT) and has yielded an interconnected
network of smart devices connected through the Internet and cloud services to
facilitate data gathering and collaborative behavior to increase automation of
common tasks. These developments towards digitalization and automation of
tasks through increased connectivity is often colloquially referred to as industry
4.0 (Bonilla et al., 2018; Ustundag and Cevikcan, 2018).

1.2. Shift in the manufacturing paradigm

Mechatronic systems in manufacturing industry are increasingly complex and
under stringent demands on their throughput and accuracy. In this thesis, focus
is placed on precision mechatronics that are often characterized by strict require-
ments on accuracy and throughput, intricate systems-of-systems type designs,
and high development costs and/or high unit cost, e.g., waferscanners, electron
microscopes, and portable medical diagnostic devices.
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Figure 1.3. The evolutionary phases of mechatronic system design, illustrated
through a waferscanner example. Going from traditional, modern, to next-
generation mechatronic systems. It illustrates the increase of complexity and
inter-connectivity throughout the evolution of mechatronic systems.

1.2.1. Superior performance through control

The synergistic combination of mechanical hardware with smart actuators, sen-
sors, and algorithms allows modern mechatronic systems to achieve superior
cost-to-performance ratios, throughput, and accuracy when compared to previ-
ous generations. Obtaining a similar performance level by using purely elaborate
mechanical designs and exotic material choices would be extremely cost and time
prohibitive due to the often iterative nature of the design process. This would
require time and resources greatly beyond that of iterating over a digital control
implementation. It is clearly preferable to leverage existing system architectures
to increase performance. In this thesis, and in line with mechatronic principles,
superior performance is achieved by complementing the existing system design
through accurate modeling and control. The impressive performance of modern
generation mechatronics is the result of a gradual evolution in complexity of the
design and control approaches.

1.2.2. Transition in control

In traditional mechatronic systems flexibilities and internal deformations as well
as thermally induced deformations are often neglected in favor of rigid body
control. Moreover, the system design often relies on passive isolation from the
environment for thermal disturbances and external vibrations, and interaction
between subsystems are not taken into account. This approach yields a control
structure where each of the six degrees-of-freedom (DOF) is actively controlled
by a (direct) measurement and matching actuator system, illustrated in Fig-
ure 1.3a. Interaction between the DOFs is characterized and decoupled where
possible (Skogestad and Postlethwaite, 2009) to achieve a decentralized control
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structure. The design of the high performance feedback controllers is subse-
quently done in a Single-Input Single-Output (SISO) context where analyses for
performance and stability are typically done on a loop-to-loop basis.

The revolutionary phase beyond traditional mechatronic systems is illustrated
in Figure 1.3b, where the system is no longer considered as a rigid body or in a
thermal equilibrium. These systems are often constructed to be more lightweight
to achieve superior acceleration, speed and throughput. Consequently, flexible
dynamics and internal deformations are more apparent in the full system behav-
ior. The mechanical design is complemented by more elaborate electromechan-
ical actuator systems combined with advanced Multiple-Input Multiple-Output
(MIMO) centralized feedback controllers.

1.3. Next-generation mechatronic systems

The next-generation mechatronic system design, illustrated in Figure 1.3c, will
require an increasingly elaborate mechatronic system design combined with
smart algorithms to achieve its desired performance specifications. Next-
generation systems are capable of positioning accuracy up to the nanometer
level, this makes achieving the required specifications increasingly challenging,
this is illustrated in the following example.

Motivating example

Electron source Positioning stage

Specimen

Sensor .
Thermal expansion loop

Figure 1.4. Schematic representation of a transmission electron
microscope and corresponding thermal expansion loop (—) through the
coils (m), positioning stage (o), and sample holder (m).

Consider a 1-D thermal expansion loop in an electron microscope, illus-
trated in Figure 1.4, with a length of 300 - 1073 [m] and an average Co-
efficient of Thermal Expansion (CTE) of o = 15 [um/m/K]. To achieve
the required position stability of 0.5 - 107 [m/min], the temperature
fluctuation cannot exceed a threshold of 0.1 [mK/min].
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1.3.1. The increasing role of thermal aspects

The stringent demands on accuracy and throughput of next-generation mecha-
tronic systems yields increased power dissipation within these systems. Exam-
ples include, cutting forces and spindle losses in machining tools (Fraser et al.,
1998), heating of electro-mechanical actuators, increased source power for proper
exposure in lithographic systems (Van Schoot et al., 2017), and increasing dissi-
pation in the electron beam generator in transmission electron microscopes. This
results in the thermomechanical system behavior becoming an increasingly im-
portant part of the overall system accuracy and performance. Indeed, in recent
systems, the thermomechanical dynamics are a limiting factor in the achievable
performance, i.e., overlay errors in lithography and image drift characteristics in
electron microscopy.

1.3.2. Thermally induced deformations

Impressive progress in advanced motion control (Oomen, 2018) has led to a sit-
uation where the thermally induced deformations are of essential importance
in the overall system performance. These deformations are induced by thermal
expansion of constructive elements in the mechatronic system. Indeed, ther-
mal gradients can induce complex deformations and warping due to difference
in the expansion coefficient of various materials used in typical manufacturing
equipment. Typically, a solution to these thermomechanical deformations is to
over-build the structure and use slightly exotic materials such as Invar or Zerodur
(Box, 2008) that have a low Coefficient of Thermal Expansion (CTE).

In sharp contrast, the main idea pursued in this thesis is geared towards pre-
dicting and controlling deformations rather than relying on a passive isolation
approach. By taking an active control approach towards thermally induced de-
formations, a significant saving in the mechanical design can be achieved (Box,
2008) by leveraging inexpensive materials. While these materials are often less
suitable for strong thermal gradients, due to their higher CTE, if their thermo-
mechanical behavior is highly predictable it can be taken into account during
the control design. An early example of this is described in Attia (1998); Attia
(1999); Fraser et al. (1998) where the authors proposed methods for modeling
and control of thermally induced deformations in machine tools. In Koevoets
et al. (2009) it is shown that using a reduced order model based on modal order
reduction and a limited set of temperature sensors an accurate prediction can
be constructed for the thermally induced deformation in a c-frame experimental
setup.

To achieve the required performance in next-generation mechatronic systems
it is expected that the synergistic balance between mechanical design, electro-
mechanical actuators and sensors, and smart control algorithms must be ex-
tended to encompass also the thermomechanical behavior of the system.
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Figure 1.5. A block diagram illustrating the connection between the research
areas in this thesis. With P the plant, K the controller, r the reference, e the
error, u the actuator effort, and y the output. The block diagram is separated
into a mechanical part, indicated by the subscript m, and a thermal part, in-
dicated by the subscript t. Typically, the characteristic time constants of the
mechanical system are significantly smaller than those of the thermal system.
The research areas of this thesis are indicated by the shaded areas 0,00, where
the color is kept consistent with the topics as discussed in Subsection 1.4.1.

1.4. Thermal challenges in next-generation
mechatronics

The next-generation of manufacturing equipment is envisioned to consist of a
synergistic mechatronic design that requires aspects from mechanical, electrical,
and thermal engineering disciplines. In this section, the requirements for incor-
porating thermomechanical aspects in precision mechatronics are investigated
and a closer look at some of the key challenges faced in this area of research is
provided.

1.4.1. Requirements for thermomechanical control

Incorporating the thermomechanical effects into the mechatronic design philos-
ophy is subject to some essential requirements on the topics of both modeling,
actuation, and control. This is demonstrated in the thermomechanical control
architecture as illustrated in Figure 1.5, where thermal and mechanical control
systems exists alongside each other. The areas of research in this thesis are
indicated by the shaded areas, and their color is kept consistent throughout.
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Requirements 1. For each of the research areas, as indicated in Figure 1.5,
the following requirements are imposed.

Modeling

In view of increased system complexity and sensitivity towards distur-
bances a relevant modeling approach should achieve the following.

e Facilitate models with an increasing amount of inputs and outputs.
o Utilize transient data.
e Incorporate (ambient) disturbances.

e An appropriate balance between data-driven and first principles.

Actuation

A suitable actuation approach for thermal control should possess the fol-
lowing properties.

e Fucilitate both heating and cooling.

e Localized thermal actuation.

Control

Control for next-generation mechatronics should encompass the following
properties.

e Leveraging existing control architecture by providing add-on con-
trollers.

e Achieve performance beyond that of individual sub-systems.

o Maintain system stability.
In the next sections, a more detailed exposition of each of the research areas is
provided along with the research challenges that this thesis aims to address.

1.4.2. Modeling

Classical modeling approaches can not deal with the required complexity and
accuracy for next-generation mechatronic systems. In this thesis, the following
challenges in view of modeling, i.e., obtaining a representation of the system P;
in Figure 1.5 marked by o, for thermal dynamics in precision mechatronics are
identified.
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1.4.2.1 Complexity: Typically, for thermodynamical analysis of large ma-
chine structures a Finite Element Modeling (FEM) approach is employed. The
approach constructs an approximation of the underlying Partial Differential
Equations (PDE) by constructing a connected set of Ordinary Differential Equa-
tions (ODE) that are more tractable to compute. This is done by spatial dis-
cretization using a mesh of the geometric structure, and depending on the gran-
ularity this approach can result in models containing a significant amount of
states. This often necessitates the use of model reduction (Antoulas et al., 2004)
or approximation (Van den Hurk et al., 2018) techniques to facilitate realtime
execution of the model. An example of a FEM model is shown in Figure 1.6a
that illustrates a finite element mesh and temperature field of the Precision Stage
Application (PSA) setup used in Chapter 4 of this thesis.

Conversely, for control purposes, a (thermal) system is often reduced to a single
discrete mass. Consequently, its dynamical model in the form of a transfer func-

tion, can be described as a first order system G = with s the Laplace

1+7s
me
variable and 7 = —2 the first order time constant with mcp the thermal ca-

pacity and h. the convection coefficient towards the ambient air. This equates
to solely considering the first thermal eigenmode of the structure as illustrated
in Figure 1.6b, neglecting any spatial gradients.

In this thesis, it is desired to obtain high-fidelity models that remain tractable for
control applications, i.e., contain a “reasonable” amount of states. The models
should be balanced according to the required accuracy, complexity and practical
usability.

Research challenge R1. Develop a framework for (parametric) mod-
eling of thermodynamical systems that yields high-fidelity models that are
tractable for simulation and control applications.

1.4.2.2 Accuracy: The time constant 7 of a first order (thermal) system can
be considered as the point at which its output first passes 1 — e~ = 0.6321 =
63.21% of its final steady-state value, this is illustrated in Figure 1.7. In At-
sumi et al. (2013); Paalvast (2010) small mechanical structures are considered
that have a thermal time constant in the order of milliseconds. However, for
the systems considered in this thesis the time constant is often in the order of
multiple seconds, minutes, and even hours. For example the time constant of
the housing of an electron microscope is approximately 4 hours (Evers et al.,
2019b; Lamers, 2010) and for the PSA in Figure 1.6 the first time constant is 20
minutes. In sharp contrast, the systems typically considered in advanced mo-
tion control (Oomen, 2018) have characteristic time constants, related to their
natural frequency, in the order of milliseconds. Invariably, a thermal system
takes significantly longer to reach steady-state operation, e.g., 57 = 20 [h] in the
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(a) High granularity finite element model. (b) Simplified 1st order model.

Figure 1.6. Illustrating two extremes in thermal modeling, on the left side a
model with high granularity finite element model is shown, resulting in N =
9000 states. It employs a detailed spatial discretization to provide accurate
temperature fields. While on the right side a (overly) simplified first order
model, i.e., N = 1 and considering only the first thermal eigenmode of the
system, is shown that assumes constant temperature over the whole spatial
domain.

electron microscope application. Consequently, in view of system identification,
the application of the classical Emperical Transfer Function Estimate (ETFE)
(Ljung, 1999; Pintelon and Schoukens, 2012) can yield biased results since it
assumes that the system is in steady-state.

Research challenge R2. Develop an accurate approach for frequency
response function identification that exploits data obtained under tran-
sient conditions.

1.4.3. Actuation and Control

Current solutions for thermal control in mechatronic systems often focus on
isolation and passive disturbance rejection. In this thesis, it is desired to move
towards an active control approach to yield superior performance.

1.4.3.1 Thermal actuators: Actuation for control of thermal dynamics in
mechatronic systems is typically done through a combination of electrical heat-
ing at specific locations (Guo, 2014) and bulk cooling using conditioned water
circuits (Bukkems et al., 2018). The local heating is achieved through Joule
heating by passing current through an electrical resistor, often in the form of
a thin-film foil or coil. Advantages of resistive heating are the relatively fast
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Figure 1.7. A typical response (—) and associated time constants 7 (%) of a
first-order system.

response time and ability to modulate the control action. An obvious down-
side is the inability to provide cooling. In contrast, water cooling is typically
able to provide both heating and cooling but has a relatively slow response time
and can introduce unwanted flow-induced vibrations into the machine structure.
Moreover, water cooling is often considered bulk cooling and is less suitable to
provide accurate local temperature control.

A common approach to achieve active local cooling with water cooling is to
lower the setpoint of the water cooling system and subsequently compensate
this by constantly providing power to local resistive heaters or local fluid stream
heaters (Schepens et al., 2020). By then reducing the power to the local heaters,
a cooling effect is achieved. However, this approach is not always suitable as it
continuously injects energy into the system. Moreover, the water cooling and
local heaters are invariably differently spatially distributed, inducing a thermal
gradient in the system that can cause additional challenges.

Efficiently controlling local thermal gradients requires a new actuator paradigm
to provide localized control, e.g., providing u; in Figure 1.5 marked by o, pro-
viding both heating and cooling.

Research challenge R3. FEzxplore a new avenue of actuators for thermal
control in mechatronic systems that provide the possibility for both heating
and cooling and localized temperature control.

1.4.3.2 Integrated control: The next-gen mechatronic system design in-
creasingly incorporates multiple subsystems to achieve the required overall sys-
tem performance. This synergistic collaborative effort must be coordinated
through appropriate control algorithms. A typical approach to multivariable
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control is to apply decoupling techniques (Skogestad and Postlethwaite, 2009)
to facilitate decentralized control design. The design of modern multidisciplinary
mechatronic systems invariably leads to separation into submodules to facilitate
decentralized design and manufacturing. It is expected that next-geneneration
manufacturing systems with their integrated design spanning multiple domains,
e.g., mechanical, electrical, and thermal, will require additional collaborative
controller design to achieve optimal performance. Ideally there exists a comple-
mentary controller that incorporates the existing decentralized control structure
of the submodules. This coordinating controller can provide additional control
commands, e.g., the path from e; to u,, in Figure 1.5 marked by 0, to increase the
collective performance of the subsystems without impacting the system stability.

In Evers (2016) early results on synchronized motion control illustrated the
potential performance advantages by inter-connecting individual control sys-
tems. Within the context of thermomechanical control, it is expected that
coupling the mechanical and thermal control systems will become increasingly
relevant, e.g., compensating mechanically for thermally induced deformations.
An application of such coupling is found in Koevoets et al. (2007) where a re-
duced order model is used to predict thermally induced deformations to facilitate
error-compensation.

Research challenge R4. Provide a framework for an integrated con-
trol approach that facilitates the connection of multiple control systems,
including interconnecting the thermal and mechanical control system to
achieve superior overall performance.

1.5. Approach and contributions

The aim of this thesis is to facilitate superior overall system performance for
next-generation high-tech mechatronic systems, specifically by addressing ther-
momechanical challenges. It does so by providing several contributions that each
focus on a different part of the research challenges. In this section, an overview
of the contributions is provided alongside an account of the research approach
and context.

1.5.1. Modeling

In Chapter 2, an overview is presented of the challenges faced when trying to
model the thermal dynamics in view of advanced motion control. Subsequently,
an approach to combat these challenges is provided. A systematic application
of this approach will result in a high-fidelity model of the thermodynamical
system thereby facilitating the application of advanced control. The approach
is demonstrated successfully on a representative experimental setup.
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Contribution C1. A fast and accurate approach to parametric modeling
of thermodynamics in precision mechatronics.
The approach consists of the following components.

e Obtaining a high-fidelity FRF of the thermal dynamics through the ap-
proach that is described in more detail in Chapter 4.

e Incorporation of ambient temperature measurements as additional inputs
to improve low-frequency estimation accuracy of the FRF.

e Accurately calibrating the temperature dependent convection coefficient of
the heat transfer of the system towards the ambient air using a dedicated
experiment.

e Leveraging the high-fidelity non-parametric FRF the parameters of a
lumped-mass model of an experimental setup are optimized. This yields
a high-fidelity multivariate parametric model suitable for simulation and
advanced control applications.

In Chapter 3, focus is placed on closed-loop and multivariable context in
identification for (advanced motion) control.

Contribution C2. A demonstration of the importance of transient mea-
surements, closed-loop conditions, and multivariable context in identifi-
cation of non-parametric frequency response functions.

The contribution is made by illustrating the following aspects.

e Transients in system identification, e.g., a bias resulting from transient
contributions in the measurement data.

e Addressing the bias that can occur during closed-loop identification caused
by external disturbances. With increasingly sensitive systems, this aspect
is expected to be increasingly relevant.

e Guidelines for the correct procedure to multivariable system identification.
Specifically illustrating the importance of matrix versus element wise in-
version of the Frequency Response Matrix.

The aspects are illustrated on a multivariable motion control setup to provide
relevant experimental results for each of the aspects of the contribution. The
results are demonstrated on a mechanical example and can be extrapolated to
thermal applications.
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In Chapter 4, a comprehensive framework for local parametric modeling is
presented. It leverages a novel parameterization for the local basis that facilitates
a reliable quality metric by providing accurate expressions for the estimation
variance.

Contribution C3. A comprehensive framework for a local parametric
modeling approach using rational functions and a reliable quality metric.

The contribution can be divided into the following parts.

e A local parametric method is developed that uses a linearly parametrized
basis, leading to an efficient optimization and closed-form solution.

e Providing an accurate variance analysis, yielding a reliable quality metric.

e Developing necessary theory of Orthogonal Basis Functions (OBF) that
leverages single complex pole parameterizations that are orthogonal over
the real line in the complex plane.

e Introduction of prior knowledge into the linear basis functions and provid-
ing subsequent guidelines of transforming prior knowledge from continuous
or discrete time parameterizations to the OBF's on the real line.

The resulting framework is applied to examples in the mechanical and thermal
domain. It achieves an increased estimation quality while maintaining a reliable
quality metric.

1.5.2. Actuation

In Chapter 5, a complete step-by-step procedure is presented for the modeling,
identification, and control of thermoelectric elements. These elements can be
employed as thermal actuators that can both heat and cool and offer significant
advantages over resistive heater based actuator systems. However, they also
introduce additional challenges, these challenges are laid out and eliminated by
the steps and techniques presented in Chapter 5.

Contribution C4. A step-by-step procedure for modeling and control of
thermoelectric elements to facilitate localized thermal control.

The procedure can be decomposed into the following concrete steps.

e First principles modeling of an experimental setup including a thermoelec-
tric element. The model includes temperature dependent and non-linear
dynamics.
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e Leveraging a dedicated identification setup to calibrate the temperature
dependent parameters of the thermoelectric element over a wide tempera-
ture range.

e Accurate feedback linearization of the non-linear setup using the improved
temperature dependent model and a stability proof based on a Lyapunov
function.

e Observer design to facilitate feedback linearization and control for situa-
tions where sensor placement is limited.

e Experimental validation of each individual step and subsequent total ap-
proach.

Application of the step-by-step procedure yields a high-fidelity temperature de-
pendent model of the experimental setup. Using an observer based feedback
linearization approach the system is linearized in its input to output dynam-
ics. This facilitates the implementation of existing advanced linear control ap-
proaches, possibly expediting industrial adaptation. The procedure is success-
fully validated on a representative experimental setup.

1.5.3. Control

In Chapter 6, an approach is presented, building on earlier results in Evers
(2016), that facilitates improved overall performance of next-generation mecha-
tronic systems by coordinating the control effort of individual subsystems. It
does so by introducing bi-directional coupling between the subsystems, e.g.,
thermal and mechanical, to yield improved combined performance.

Contribution C5. A framework to achieve increased performance in
next-generation mechatronic systems using a bi-directional coupling ap-
proach between decentralized control systems, with a stability guarantee.
Facilitating both intra-domain and inter-domain coupling, i.e., mechani-
cal to mechanical and mechanical to thermal domains.

The contribution consists of the following elements.

e Solidifying the framework presented in Evers (2016) with rigorous deriva-
tions, proofs, and design insights.

e A procedure of systematic design and analysis of add-on coupling filter
that complements an existing decentralized control structure to achieve im-
proved overall performance, encompassing previous results such as master-
slave coupling.
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e Design guidelines for coupling filter synthesis, suitable for both norm-
optimal design and manual tuning.

e An extension based on a Double-Youla type parameterization to guarantee
robust stability by considering model uncertainty bounds.

e Performance validation based on experimental measurement data for both
nominal and robust filter designs.

The approach yields improved performance for next-generation mechatronic sys-
tems. It is envisioned that this class of systems will become increasingly relevant
with the inclusion of different domains within the mechatronic design and control
approach as described in Section 1.1.1.

1.6. Outline

An outline of the thesis is provided in this section. Each chapter of the thesis
represents one of the contributions described in Section 1.5. The chapters are
self-contained and it is possible to read them independently according to the
specific interest of the reader. A schematic overview of the thesis and its chapters
is provided in Figure 1.8. The chapters are based on the following peer-reviewed
publications in the same order as they appear in the thesis.

e Evers, E., van Tuijl, N., Lamers, R., de Jager, B., and Oomen, T. Fast
and Accurate Identification of Thermal Dynamics for Precision Motion
Control: Exploiting Transient Data and Additional Disturbance Inputs.
Mechatronics, Vol 70, Article 102401, 2020.

e Evers, E., Voorhoeve, R., and Oomen, T. On Frequency Response Func-
tion Identification for Advanced Motion Control, IEEE 16th International
Workshop on Advanced Motion Control (AMC2020) - Kristiansand, Nor-
way, 2020.

e Evers, E., de Jager, B., and Oomen, T. Incorporating prior knowledge in
local parametric modeling for frequency response measurements: Applied
to thermal/mechanical systems. Under review.

e Evers, E., Slenders, R., van Gils, R., and Oomen, T. Temperature-
Dependent Modeling of Thermoelectric Elements. In preparation for jour-
nal submission.

e Evers, E., van de Wal, M., and Oomen,T. Beyond decentralized wafer/ret-
icle stage control design: a double-Youla approach for enhancing synchro-
nized motion. Control Engineering Practice. 83, p21-32, 2019.
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CHAPTER

Fast and Accurate Identification of Thermal
Dynamics for Precision Motion Control:
Exploiting Transient Data and Additional
Disturbance Inputs !

Abstract: Thermally induced deformations are becoming increasingly
important for the control performance of precision motion systems. The aim of
this chapter is to identify the underlying thermal dynamics in view of precision
motion control. Identifying thermal systems is challenging due to strong
transients, large time constants, excitation signal limitations, large
environmental disturbances, and temperature dependent behavior. In
particular 1) reduced experiment time is achieved by utilizing transient data in
the identification procedure. 2) an approach is presented that exploits
measured ambient air temperature fluctuations as additional inputs to the
identification setup. 3) the non-parametric model, obtained through 1) and 2),
is used as a basis for parameter estimation of a grey-box parametric model.
The presented methods form a comprehensive approach to obtain high-fidelity
models that facilitate the implementation of advanced control techniques and
error compensation strategies.

1The results in this chapter constitute Contribution C1 of this thesis. The chapter is based
on “Evers, E., van Tuijl, N., Lamers, R., de Jager, B., and Oomen, T. Fast and Accurate
Identification of Thermal Dynamics for Precision Motion Control: Exploiting Transient Data
and Additional Disturbance Inputs. Mechatronics, Vol 70, Article 102401, 2020”.
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2.1. Introduction

Impressive progress in advanced motion control of precision mechatronics has led
to a situation where thermally induced deformations are a major error source
(Oomen, 2018) in positioning accuracy and are no longer negligible on the overall
system performance. These deformations are typically induced by heat dissipa-
tion from actuators and encoders or by environmental temperature fluctuations.
Modern precision motion systems are capable of achieving positioning accuracy
in the nano-meter range. These precise movements are essential in several indus-
trial applications, e.g., the manipulation of the sample in an electron microscope
and the manufacturing of integrated circuits.

To meet the ever increasing demands to enhance the throughput and posi-
tioning accuracy, thermal deformations must be analyzed and compensated for
through advanced control approaches utilizing an appropriate thermomechanical
model.

Ideally, using a limited amount of temperature measurements combined with
an accurate thermomechanical model enables the use of advanced control and
error-compensation techniques (Evers et al., 2019¢; Koevoets et al., 2007). An
application of error-compensation is illustrated in Atsumi et al. (2013) where a
thermomechanical actuator is employed to complement the closed-loop perfor-
mance of a hard disk drive positioning system. Here, the small thermal mass
of the hard disk drive magnetic head allowed the thermal actuator to obtain an
extremely fast response rate. Unfortunately, the thermal mass of the systems
considered in this chapter, e.g., electron microscopes, are significantly larger,
thereby drastically increasing the time constant of the thermomechanical re-
sponse.

Earlier solutions to compensate for the deformations in electron microscopes,
e.g., image-based feedback in Van Horssen, E. P. (2018), can not always cope
with large deformations and strongly depend on model quality (Salmons et al.,
2010; Tardu et al., 2011). Therefore, an accurate parametric model is desired
for a model-based control approach. Accurate modeling of precision thermome-
chanical systems is complex, resulting in large scale finite element models that
require significant effort to construct due to, e.g., uncertainty in the parameters
and contact resistances.

In sharp contrast, modeling for advanced motion control, see, e.g., Evers et
al. (2018a); Oomen (2018) is fast, accurate and inexpensive. Significant progress
has been made in Frequency Response Function (FRF) identification, particular
in addressing identification in transient conditions. These recent developments
include the local parametric methods, see Pintelon and Schoukens (2012) for
initial results in this direction. The Local Polynomial Method (LPM) (Pintelon
et al., 2010) exploits the local smoothness of the transient term that otherwise
would cause a bias. Both the transient contribution and system dynamics are
modeled with a polynomial in a small frequency window. The local rational
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method (LRM) (McKelvey and Guérin, 2012), is an extension of the LPM that
can lead to improvements over the LPM (Geerardyn et al., 2014). However,
the LRM is non-convex due to the rational parameterization. In addition, the
variance is only accurately computed for a high SNR, since measured output
signals are included in the regression matrix.

Related work in the mechanical domain includes a newly developed ratio-
nal parameterization with prescribed poles (LRMP), introduced in Evers et al.
(2018a) where it is applied to a simulation example featuring lightly damped
mechanics, and first applied to an experimental thermal system in Evers et al.
(2018b), that yields superior estimation accuracy over the LPM while main-
taining linearity in the parameters. Although thermomechanical interactions
are increasingly relevant, the modeling of this behavior in view of control is a
key challenge. And although estimating FRFs using a local modeling approach
shows promising results by suppressing the transients, these techniques are not
yet applied to thermal dynamics in precision motion systems. The methods are
mainly developed and applied on (lightly damped) mechanical systems, see, e.g.,
Van Keulen et al. (2017); Voorhoeve et al. (2018). Important aspects such as
excitation signal design, transient measurement conditions and ambient distur-
bance reduction need to be re-evaluated.

To improve low frequency estimation quality of the FRF, a measurement of
the ambient air temperature is used as an additional uncontrollable excitation
input in the identification procedure. It is shown that by utilizing the additional
excitation, mainly present at lower frequencies, the estimation quality of the
FRF can be significantly improved. Comparable approaches in the mechanical
domain have been explored in an active vibration isolation application (Beijen
et al., 2018), using ground vibrations.

For some applications, e.g., direct feedback of a fast thermal system in Atsumi
et al. (2013), models based on curve fitting a frequency response function can be
sufficient. The application considered in this chapter requires a more extensive
model. Therefore, a first principles lumped-mass modeling approach (Van der
Sanden et al., 2007; Touzelbaev et al., 2013) is adopted in conjunction with
frequency response function parameter calibration to obtain a predictive model
of sufficient complexity.

Although FRF identification is well-developed for mechatronic systems from
the electromechanical perspective, at present these techniques are not tailored
towards identifying accurate thermal models for precision control. The aim of
this chapter is to develop a framework for advanced identification, particularly
suitable for thermal-mechanical systems and to experimentally validate this ap-
proach on a representative experimental setup.

This chapter builds on previous results reported in Evers et al. (2019b) and
expands on these results with additional details and techniques providing a com-
prehensive framework. The main contributions of this chapter are:

C1 An overview of the significant challenges in thermal system identification,
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Figure 2.1. A general overview of a typical transmission electron microscope.
The key component considered in this chapter is the sample holder stage. The
expansion loop represents the collective thermal expansion of different compo-
nents in the mechanical positioning stage assembly. Dominant heat sources in
the system are the coils (l) that are used to shape the electron beam.

illustrated on a representative experimental setup.

C2 Application of a new FRF identification approach that facilitates identifi-
cation under transient conditions.

C3 Exploiting additional temperature measurement to reduce the low-
frequency estimation error by explicitly including ambient air temperature
fluctuations in the identification process.

C4 Estimation of a temperature dependent convection coefficient to improve
model quality over a large temperature range.

C5 An extensive case study, leveraging the improved FRF identification results
to calibrate model parameters yielding a high-fidelity parametric model.

2.2. Thermal system 