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Chapter 1

Introduction

In this chapter we provide the general background relating to our application of scanning in
astronomical observations and to the field of high performance motion control. We discuss the
motivation for our study, provide an outline of the thesis and summarize the contributions of
the presented work.

1.1 Astronomical observations

Although we can learn about the universe by sending spacecrafts to the sun, other planets,
moons and comets, or by observations of neutrinos and gravitational waves, the vast majority
of astronomical studies is based on the information brought to us in the form of electromag-
netic radiation. The electromagnetic spectrum shown in Fig. 1.1, ranging from the very long
wavelength radio waves to the short wavelength and high energetic gamma-rays, can carry
information about very different processes in the universe. Low energetic radio waves are for
example produced by neutral atomic hydrogen in the interstellar medium, whereas so called
gamma ray bursts are thought to be generated in the extremely energetic processes of a super-
nova or the merger of a binary neutron star system.

Figure 1.1: The electromagnetic spectrum showing the coarse subdivision of the ra-
diation into the different wavelength regimes. Source: JPL. [Online] Available from:
http://planck.caltech.edu/epo/epo-cmbDiscovery3.html [Accessed 20st August 2015]

Not all radiation from space can reach the surface of the earth. In fact, except for the visible,
the radio wavelengths and some bands in the infrared (IR), all radiation is absorbed by the
atmosphere, as can be seen in Fig. 1.2. This makes it often necessary to observe from high
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and dry places (like the Atacama desert in Chile) or even to observe from a balloon, plane or
satellite.

Figure 1.2: Opacity of the earth’s atmosphere to electromagnetic radiation. Ob-
servations from earth are only possible in the visible, at radio wavelengths and
in some bands of the infrared. Source: Wikipedia. [Online] Available from:
https://en.wikipedia.org/wiki/Absorption (electromagnetic radiation). [Accessed 20st Au-
gust 2015]

1.1.1 Telescope developments

Different frequency regimes require different telescopes, instrumentation and detection tech-
niques to collect and process the information. Detectors for example, are typically optimized
for a small wavelength range, and requirements on mirror quality (e.g., shape and roughness)
and alignment scale with the frequency of the radiation. Technology is being pushed further
and further and with every new generation of astronomical telescopes, astronomers are able to
confirm, tune or reject the existing theories about our understanding of the universe. With new
understanding and new ideas come new questions. Questions which often require even more
advanced instrumentation to be answered.

For ground based observations in the visible and near/mid infrared, the current develop-
ments are towards telescopes with primary mirror (M1) diameters of 30 meters or more. Ex-
amples are the Thirty Meter Telescope (TMT) [57] and the European-Extremely Large Telescope
(E-ELT) which will be discussed in more detail in Section 1.3.2. These telescopes will deliver an
enormous gain in light gathering power (roughly a factor 10) and spatial resolution (roughly
a factor 3) in comparison with the currently available state-of-the-art 8 to 10 meter single dish
telescopes.
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1.1.2 Noise sources in astronomical observations

When performing astronomical observations, the astronomer has to deal with the different
noise sources and disturbances which affect the astronomical signal. Depending on the wave-
length of the radiation and its origin, the signal from the source can be influenced by the inter-
galactic, interstellar and interplanetary medium and the atmosphere (if ground based). Espe-
cially at IR and submillimeter (submm) wavelengths, the atmosphere not only causes absorp-
tion and scattering of the radiation but also generates a very strong background signal as a
result of thermal radiation of the medium. This signal is typically much stronger than the sig-
nal from the source. Furthermore, density fluctuations (seeing) introduce wavefront errors in the
signal which, when not accounted for, reduce the spatial resolution in the image. Next to these
influences, the signal is polluted by detector and electronic noise as well as thermal radiation
from the instrument and environment (through the sidelobes of the diffracted radiation pattern
of the telescope when observing at long wavelengths). An extra complication is the temporal
variation of these different noise sources.

There are different methods available to handle these observational complications. Current
state-of-the-art 8 to 10 meter telescopes like for example the Keck and the VLT use a technique
called adaptive optics [38] to reduce the effect of atmospheric seeing. The influence of uncorre-
lated noise can be reduced by increasing the integration time of the observation. This improves
the signal to noise ratio but only with the square root of the integration time. Correlated noise
can be partly dealt with by performing a differential measurement, where the measurement of
the source is compared to a measurement of only the background. The background signal is
collected at a small angular distance (several minutes of arc) from the source. Therefore, the
optical path through the atmosphere is considered to be identical in both measurements. Ap-
plying this differential measurement technique (referred to as chopping), the background signal
can be derived and subtracted from the image which contains the source. The combined on and
off measurement has to be performed on time scales shorter then the time scales on which vari-
ations in the background signal occur.

1.1.3 The scanning technique

Apart from chopping, altering the line of sight of the telescope is also necessary when observing
an extended source (larger than the telescope field of view). In this case the telescope beam
has to move over the source in a well defined manner to generate a Nyquist sampled image.
Movement of the telescope beam during an observation is generally called scanning.

Different scanning strategies can be considered. In [41] the popular On The Fly (OTF) ima-
ging technique is described for scanning of extended sources. The optimal timing between the
on and the off source measurement in an OTF observing scheme for a single pixel heterodyne
instrument is discussed in [50]. A comprehensive discussion about the applicability of different
scanning strategies is given in [33]. Finally in [19], the effect of different instrument choices, as
well as that of different observing techniques, on the efficiency of observations is discussed.

To be able to perform fast scanning observations, without the necessity to rotate the complete
telescope or rocking the secondary mirror (M2) [63], a so-called chopper mechanism can be
used. This is a relatively small rotatable mirror in the optical path of the scientific instrument
behind the telescope, which can quickly be positioned in different orientations thereby changing
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the pointing of the complete telescope. This approach is typically used in space applications,
of which the chopper mechanism for the Photoconducting Array Camera and Spectrometer
(PACS) [34] and the focal plane chopper (FPC) of the Heterodyne Instrument for the Far Infrared
(HIFI) described in Section 1.3.1 are examples. However, as the larger size of the optics makes
it increasingly difficult to chop using M2, this method becomes more and more relevant for
ground based observatories as well.

When a chopping mirror (or M2) is used to perform the task of scanning, an unavoidable
side effect is that the position of the beam on M1 is altered during the scanning motion. This
can result in another source for fluctuation as thermal radiation from different parts of M1 can
vary because of different emissivity or temperatures in different regions of M1. In the case of
chopping, this modulation called the offset signal, can be eliminated by the nodding technique
[39], or by cooling the M1 mirror to cryogenic temperatures, as is intended for the Space Infrared
Telescope for Cosmology and Astrophysics (SPICA) mission [48].

Parallel to the development of more advanced telescopes and instrumentation comes the
need for faster and more stable chopper mechanisms. This fact, in combination with the ope-
ration of these mechanisms in cryogenic conditions (high vacuum and extremely low tempera-
tures), and the demands on reliability and redundancy, makes it clear that the development of
these mechanisms requires full commitment from all fields of mechatronics.

1.2 High performance motion control

From a control perspective, scanning in astronomical applications can be considered to be part
of the field of high performance motion control. Here the control objective is to follow a refe-
rence trajectory with high precision, where typically the complete path or parts of the trajectory
require high speed motions of the mechanism. This is the so called servomechanism problem.
A key result in this field is the work by Francis and Wonham [20] on output regulation and the
internal model principle, which is discussed separately in Section 2.1.

A related subject is that of point-to-point control. Here the objective is to move from one
system state to a new system state in minimal time or with minimal residual vibrations after the
step. For both control problems, system constraints (actuator saturation, restrictions on move-
ment, limited amplifier jerk, etc.) have to be accounted for, as well as the issue of robustness of
the strategy to plant parameter variations and external disturbances.

Both control problems are of extreme importance for the nanopositioning industry and
among others find applications in the field of robotics [3], wafer stage motion control [9] and
atomic force microscopy [74]. For our application we are interested in a combination of both
strategies, point-to-point control during the step between integration periods and accurate track-
ing of a reference profile during the observation.

Different control strategies are available in the field of high performance motion control of
nanopositioning mechanisms. What these techniques generally have in common is the applica-
tion of a feedforward (FF) signal for accurate tracking, typically but not necessarily in parallel
with a feedback controller for robustness to model uncertainties/variations and disturbances.
This is illustrated in Fig. 1.3 where the dotted lines indicate the information channels on which
the generation of the FF-signal typically is based.

In [13] it is shown that the inclusion of model based FF (MbFF), instead of feedback control
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only, will improve tracking performance even if large plant uncertainties are present in the
system model.

The high demand on positioning speed often requires minimization of the inertia of the
moving part of the mechanism during the hardware design phase. Lightweighting of the de-
sign however can result in shifts of the flexible modes of the mechanism to lower frequencies
or the introduction of extra flexible modes. When not properly accounted for, the introduced
oscillations can have a disastrous effect on settling time.

Although the design of the FF signal is usually based on the available knowledge of the
plant dynamics (model based approach), the details about the generation of the FF signal can
vary a lot. In the next sections we briefly discuss different techniques for both the servomecha-
nism and the point-to-point control problem. We do not intend to give a complete overview of
the methods available for the two discussed control problems but provide the necessary back-
ground and references for further reading.

Figure 1.3: Basic high performance motion control block diagram with FF input in parallel with
feedback controller. The FF signal can be generated in different ways indicated by the dotted
lines. Path 1) uses the reference signal, path 2) determines the FF-signal by offline calculation
and path 3) uses the error signal in a feedback loop. For all three approaches the FF filter block
has different structure.

1.2.1 Control solutions to the servomechanism problem

Rigid body feedforward

In basic applications, the FF input can be generated accounting only for the inertia of the plant
(rigid body/acceleration FF). Based on Newton’s second law of motion (F � ma), and with
the knowledge of the reference trajectory, the required actuator input can be generated. The
feedback controller should then provide the corrections needed to compensate for the model
mismatch with the real plant dynamics. When extreme tracking accuracy is demanded, this
approach is typically inadequate and the flexible modes of the system, together with the sus-
pension of the mass, have to be accounted for. An extension to the rigid body FF is presented in
[5] where an inverse model of the dominant flexible mode in the system is included in the form
of a skewed notch to increase tracking performance.
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Inverse model feedforward

In this case the FF-signal is generated by feeding the reference profile to an inverse of the trans-
fer function of the open loop plant model Pm (path 1 in Fig. 1.3, where the FF filter block is the
inverse plant model P�1

m ).
Ideally, this would generate the perfect filter for tracking prP�1

m Pr � rq, where r is the
reference profile and Pr is the transfer function of the real plant. In practice, the perfect plant
inverse is often not realizable as the inverse of a strictly proper or non minimum phase plant
is respectively non proper and instable. Extra measures are then required for plant inversion,
like including a low pass filter to satisfy causality or for example the Zero Phase Error Tracking
Control (ZPETC) technique [66] to deal with the instability of the inverse. These changes to the
inverse limit the tracking ability of the feedforward generator pP�1

m � P�1
r q. An example of this

is given in [67], where the results of stable FF filter design for a non minimum phase system
(robot arm), applying both the EBZPETC (based on the ZPETC method) and the added delay
method, are compared.

A general limitation, applicable to all model based approaches, is the effect of model un-
certainties and unmodeled dynamics of the plant on the accuracy of the plant model. If the
model accuracy is limited (with respect to the tracking requirements) the reference profile can
be smoothed to limit the amount of energy going into the resonances. The plant constraints
can also be accounted for in the design of the reference profile, see for example [36], where
the design of a smooth fourth order reference profile, which accounts for plant limitations like
maximum jerk, is presented.

Iterative learning control and repetitive control

When a system repeatedly has to follow the same trajectory starting from the same initial con-
ditions, one can also consider the use of iterative learning control (ILC) [7], which was first
described in [70] (text in Japanese) and [3] . When the reference profile periodically repeats itself,
repetitive control [12, 40] can be applied. Early works include [31] and [25]. Different from
the model based approach, here the input signal is generated by learning with every repetition
(following path 3 in Fig. 1.3 which forms a feedback loop). Both techniques are very similar but
in ILC the system evolves on a 2D domain pt, jq with finite time trials t and infinite iterations j,
where the initial state of the plant is reset with every iteration j. Whereas for repetitive control,
reference signals or disturbances which are periodic are considered, the system evolves on the
standard time domain and there is no resetting of the state.

1.2.2 Control solutions for point-to-point control

Two basic approaches can be distinguished in the field of point-to-point control.

• Input shaping: Design an input sequence which results in the requested end position

• Input filtering: Filter an existing input profile to limit residual vibration after the point-to-
point movement

For the purpose of input filtering conventional filters can be used which reduce the fre-
quency content of the input signal at specific frequencies (notch filters) or over a certain fre-
quency range (low pass, high, pass, band pass filters). By carefully choosing the location and
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the shape of these filters, the effect of the system resonances on the vibration after the step can
be reduced.

The input shaping technique [60] explicitly includes the system dynamics in the design of
an impulse sequence. This sequence is convolved with the original input signal to produce a
new input signal to the plant which effectively reduces residual vibrations. The timing of the
impulse sequence is tuned for destructive interference of the resonance modes of the system.
The oscillation, introduced by a first impulse to generate motion, is compensated by a second
(destructive) impulse after half a period of the considered system resonance. After convolution,
the duration of the new input signal is increased as a result of the delayed second input. How-
ever, the negative effect this has on settling time is typically less than the limited settling time
of the plant with the original input signal, as this will introduce large oscillations directly after
the step.

The earliest systematic application of this technique is posicast control described in [62].
Through the years more advanced methods, which are robust to plant uncertainties, were de-
veloped. Examples are the Zero Vibration and Derivative (ZVD), the Extra Insensitivity (EI) and
the Specified Insensitivity (SI) shapers [71]. However, the increase in robustness of the shaper
comes at the cost of increased duration of the shaped input signal and therefore longer settling
times.

In typical nanopositioning applications, not only the reduction of residual vibrations but
also the time required for performing a step is of crucial importance. A time optimal solution
to the point-to-point control problem can be formulated on the basis of Pontryagin’s minimum
principle. This so called bang bang controller switches between maximum positive and ne-
gative actuator inputs to perform the step in minimal time. As the magnitude of the input is
clearly defined, the optimization only involves the determination of the moments of switching
between both inputs. For a single rigid body, only one switch after exactly half the period of
the input is required to perform a step. Higher order systems with damping require more and
asymmetrically distributed moments of switching. This aggressive control method is sensitive
to model uncertainties and unmodelled dynamics as a small mismatch between the real plant
and the model can easily result in unexceptable oscillations after the step. Again, robustness
can be added at the cost of time optimality [53].

In [59] the settling performance, with and without model uncertainty, is compared for a
number of input filters and input shapers. The difference in performance between the two
methods is striking and is clearly in favour of the shaping method. This is supported by the
results in [61]. In [58] some background is provided on both input shaping and bang bang
type controllers. In [56] three point-to-point control methods are compared on the basis of
experimental results.

1.3 Motivation

In this section we introduce the two astronomical instruments which are the motivation for this
work. The HIFI chopper mechanism confronted us with the ever increasing challenges during
the development of cryogenic space mechanisms. The Metis Cold Chopper (MCC) mechanism,
with even more extreme performance requirements, forms a new challenge in this field.
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1.3.1 Chopper mechanism for the HIFI instrument on board the Herschel
Space Observatory

The Herschel Space Observatory was launched in 2009 on the 14th of May from the European
Space Agency (ESA) launch platform in Kourou French Guiana. It has studied the universe
during a mission of three and a half years [54]. HIFI is one of three astronomical instruments on
board the Herschel Space Observatory. The HIFI instrument is developed by an international
consortium led by the SRON Netherlands Institute for Space Research. It performs astronomical
observations in seven frequency bands covering the range from 480 to 1250 GHz and from 1410
to 1910 GHz. For a complete description of the instrument and the scientific objectives of the
mission, the reader is referred to [24].

The astronomical signal, collected by the main dish of the Herschel telescope, is reflected to
the secondary mirror and picked up by the first mirror of the HIFI Focal Plane Unit (FPU). The
FPU is situated on the optical bench of the telescope. Figs. 1.4 and 1.5 show a photograph and
a schematic drawing of the FPU respectively. The schematic drawing reveals the interior of the
FPU. The optics of the instrument are kept at a constant temperature of 15 K, while the scientific
detectors in the FPU are cooled to temperatures of 2 K. These low temperatures are required for
the operation of the detectors and to avoid degradation of the astronomical signal by thermal
radiation from the internal optics of the instrument. The fourth element in the optical train
of the FPU (sixth mirror when including the telescope optics) is the HIFI-FPC. In Fig. 1.5 the
location of the HIFI-FPC, inside the FPU, is indicated by the red arrow. This steerable mirror
can chop the telescope beam between an on-source and an off-source sky position. Next to the
chop function, the HIFI-FPC can be used to deflect the HIFI beam to the internal hot and cold
load for calibration of the instrument.

Figure 1.4: Photograph of the HIFI-FPU flight model after completion of the assembly (courtesy
of Hans Braun). The red structure serves as protection for the optics. This so called red tag item
was removed after integration of the FPU with the Herschel telescope.
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Figure 1.5: Schematic drawing of the interior of the HIFI-FPU (courtesy of Mecon). The location
of the HIFI-FPC is indicated with the red arrow.

The HIFI-FPC has been identified as one of the critical elements in the FPU of the HIFI in-
strument. It is a potential single point of failure in the instrument which requires high reliability
and redundancy in the design of the mechanism.

During the development of the HIFI-FPC we were confronted with different mechatronic
issues related to the complexity of the instrument, the high performance requirements and the
harsh operational environment. An important conclusion of this project is the need for ad-
vanced control strategies and an integrated design approach to be able to meet the ever increa-
sing requirements for these kind of mechanisms in future missions. These issues are discussed
in more detail in Chapter 4.

The HIFI-FPC has been developed by SRON Netherlands Institute for Space Research, an
organization that has ample experience in building space qualified mechanisms since the 1980s.
One of the examples, relevant to the development of the HIFI-FPC, is the grating drive mecha-
nism for the ISO SWS instrument [1, 73].
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1.3.2 2D chopper mechanism for the METIS instrument of the
European-Extremely Large Telescope

The control strategy, described later in Chapter 3, is being developed for application in the MCC
[52]. It is one of the critical components in the Mid-Infrared E-ELT Imager and Spectrograph
(METIS) [6]. Details about the opto-mechanical design of METIS, and the location of the MCC
in the instrument can be found in [35]. METIS will be one of the first three scientific instruments
on the E-ELT [16], covering the thermal infrared wavelength range. An artist’s impression of
the E-ELT is given in Fig. 1.6. With its 39m dish, the E-ELT will be the largest optical/infrared
telescope ever. The E-ELT will see first light in 2024 and is being developed by the European
Southern Observatory (ESO).

Figure 1.6: Artist’s impression of the E-ELT on Cerro Armazones. Showing the 39
meter segmented primary mirror. Source: ESO/L. Calçada. [Online] Available from:
http://www.eso.org/public/netherlands/images/eso1440e/ [Accessed 1st September 2015]

While the discussed beam chopping is traditionally done by the telescope’s secondary mir-
ror, because of the large dimensions of this mirror this option does not exist for the E-ELT and
an alternative solution within METIS had to be found.

The MCC is a tip/tilt mirror at the pupil position of METIS. Tilting the MCC in two di-
mensions moves the orientation of the telescope beam on the sky without having to move the
telescope.

Several challenging performance requirements drive the design of both hardware and con-
trol of the MCC (see Table 1.1). Most notably are the requirements for short beam switching
times (i.e., high observing efficiency with small overheads, which requires short settling times)
and very accurate positional repeatability (which is required for sharp images in co-added, long
term exposures). Meeting these requirements simultaneously is very challenging from a control
perspective, which is related to the field of high performance motion control.
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Table 1.1: MCC requirements. Positional stability is defined as 3� rms pi.e., σq level, all other
requirements are defined as absolute maximum. NB: 1.7 µrad corresponds to a mirror displace-
ment at the sensor location of 36 nm.

Description Requirement Unit Remark

Pos. stability ¤ 1.7 [µrad] 3σ
Pos. repeatability ¤ 1.7 [µrad] 1.7 µrad = 36 nm

at sensor position
Pos. accuracy ¤ 85 [µrad]
Settling time ¤ 5 [msec] settling within

1.7 µrad of end pos.
Parasitic z-disp. ¤ 200 [µm]
Power dissipation   1 [W] for 5 Hz chop
Peak currents ¤ 10 [A] over 8.5 mrad
Thermal stability ¤ 1.7 [µrad]
Lifetime ¡ 108 [cycles]

To be able to study the feasibility of the required MCC mechanism at an early stage during
the METIS development, the METIS Cold Chopper Demonstrator (MCCD) project was initiated
(see also Appendix D). The MCCD, and the application of the developed control strategy to this
mechanism, is later described in Chapter 6.

1.4 Aim

The research presented in this thesis is strongly related to the MCCD project. The goals of
the MCCD project are described in Appendix D. Based on these goals, the following scientific
objectives can be formulated:

• Develop an advanced control strategy for the MCCD, which can meet the stringent per-
formance requirements defined for this mechanism

• Verify the applicability of the strategy in a representative cryogenic experimental setup

• Compare the method to existing strategies applicable to the field of high performance
motion control

1.5 Contributions

In Chapter 3 we describe a hybrid control synthesis for achieving output regulation in a mecha-
tronic system which has the following requirements: very-fast stepping between different scan-
ning profiles and asymptotic tracking of the scanning profile while satisfying various system



12 1. Introduction

state constraints and performance and stability robustness. Such requirements are highly rele-
vant to chopper mechanisms for astronomical observations and to other advanced instrumenta-
tions/machines with nanopositioning mechanisms. We provide necessary and sufficient condi-
tions to solve the chopper scanning control problem by applying recent results on hybrid output
regulation [42] and we prove practical stability of the hybrid system for non optimal feedfor-
ward signals. We describe hybrid control synthesis with the HIFI-FPC mechanism in Chapter 5
and show an improvement in settling time of 37% by applying this new control strategy.

In Chapter 4 we provide design rules applied to the HIFI-FPC, which are generally appli-
cable to the development of cryogenic mechanisms and are used in the development of the
MCCD.

In Chapter 6 we describe the design, system identification, control synthesis and perfor-
mance of the MCCD. The development of the MCCD mechanism is a joint effort of all members
of the MCCD project team (see Appendix D for MCCD project description). During the design
phase we contributed to various design choices (e.g., sensor choice, required actuator force, al-
lowed mechanical tolerances) by analysis and simulation. Based on a detailed system identifi-
cation of the final MCCD hardware we have revealed the presence of hysteresis in the actuators
and modelled this effect to gain valuable insight in the characteristics of the mechanism. Af-
ter synthesis of the hybrid controller as well as of a repetitive controller we have determined all
performance aspects of the mechanism and have realized performance which is very close to the
stringent requirements defined for the mechanism. To be able to meet the stringent performance
requirements of the mechanism during operation in the METIS instrument, we have provided
the MCCD team with recommendations on the realization of the final MCC mechanism.

1.6 Thesis outline

The outline of the thesis is as follows. Chapter 2 provides the preliminaries on output regula-
tion, hybrid systems, hybrid output regulation and the repetitive control strategy. In Chapter
3 the hybrid control strategy for high performance motion control of chopper mechanisms is
formulated and necessary and sufficient conditions for hybrid output regulation are presented.
Chapter 4 describes the cryogenic mechatronic design of the HIFI-FPC. General design consi-
derations for the development of mechanisms that have to operate at cryogenic conditions are
discussed and the performance of the HIFI-FPC, applying the original controller, is presented.
In Chapter 5 the hybrid control strategy is applied to the HIFI-FPC and the results are compared
to the results applying the original controller. Chapter 6 describes the system identification and
control synthesis of the hybrid controller and of a repetitive controller with the MCCD. The
performance of the MCCD is defined based on an extensive test program of the hardware and
recommendations for the final MCC mechanism are provided. Finally, in Chapter 7 the conclu-
sions and recommendations for future research are given.
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