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Summary

Position Actuator for the ELT Primary Mirror

The Extremely Large Telescope (ELT), a telescope with a 39-metre primary mirror

consisting of 798 hexagonal segments, is defined to enable important scientific discov-

eries, being able to resolve and characterise exoplanets.

Three position actuators (PACTs) are responsible for the active control of the degrees

of freedom that define the optical plane of each segment: piston, tip, and tilt. In total,

2394 identical position actuators, plus spares, are required. The dynamic analysis,

design, realisation, and testing of such actuators are presented in this thesis.

Overall, 1D dynamic models can effectively predict the basic dynamic behaviour of

the system. The addition of FEA-based dynamic analyses has given valuable infor-

mation of parasitic eigenmodes and flexible-body eigenmodes that can influence the

performance. By choosing non-perfect but physically relevant inputs, e.g., asymmetric

and lateral forces, parasitic dynamics can be made visible in frequency response func-

tions.

The three PACT prototypes have sufficient stroke (more than ±7.5 mm) to reposition

a segment to its nominal position, compensating for the deflections of the underly-

ing telescope structure. In addition, at least one prototype provides the 1.7 nm RMS

positioning performance necessary for phasing the primary mirror in the presence of

wind and frame disturbances, while the other two follow closely. Recommendations to

improve the tracking performance are presented.

To overcome the large dynamic range, a dual-stage design concept has been adopted.

The coarse stage (CS) takes care of the required actuator stroke of 15 mm with mi-

crometre repeatability, while the fine stage (FS) bridges the gap to the nanometre

range.

A cost-effective PACT with a low open-loop axial stiffness is proposed and realised.

The selected concept is primarily built from standard aluminium plates and tubes.

To minimise costs, most plates are machined from a single side. To ease assembly,
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most parts, aligned by cylindrical fits, can be slid on stud bolts before fixating. All

aluminium parts are anodised to improve the corrosion resistance. An optical linear

encoder with a resolution of 1.0 nm is placed close to the output while satisfying the

Abbe criterion, which minimises measurement errors.

For the FS, a voice coil actuator (VCA) is selected, which results in frictionless mo-

tion and no hysteresis. The VCA applies force and therefore has no inherent stiffness.

Stiffness to the segment is created with local feedback control on the encoder signal.

The gravitational load on the position actuators is a function of the telescope elevation

angle. By implementing a weight compensation mechanism parallel to the VCA, the

force generated by VCA is reduced significantly. This results in the VCA only having

to apply small forces to counter wind and vibration forces, as well as position errors

and disturbances induced by the coarse stage.

As CS actuator, a commercially available leadscrew drive is applied, with brushless

DC-motor, a TR10x2 mm screw, integrated bearings, and a gear-ratio of 1:1093. Two

cardanic elements are designed to relieve the over-constrained connection of the nut to

the CS.

The power dissipation of PACT is estimated to be lower than 1.0 W during tracking,

and lower than 5.0 W during slewing, thereby satisfying the requirements.

A symmetrical flexure-based straightguide, based on sharp-folded plate springs, is ap-

plied to minimise hysteresis and friction. Both the FS and CS are straightguided with

flexures, and the weight compensation mechanism is integrated into this straightguide.

The folded plate springs are dimensioned in such a way that the maximum bending

stress during operation stays below the fatigue stress, to ensure a lifetime of more than

30 years.

The three prototypes have an axial open-loop stiffness of approximately 300 N/mm

in mid-position, which varies ±3% over the stroke. The measured variation in axial

open-loop stiffness between prototypes, compared at identical CS positions, is less than

3%. To maximise the lateral stiffness at the output, the plate springs at the top are

mounted close to the output. The lateral stiffness at the output is estimated to be

2.3 N/µm at the end-stroke, and almost three times higher in nominal position.

A modal analysis is carried out on a simplified model of the redesign and compared

with the analysis of the previous prototypes. Frequency response functions from a

force on the voice coil actuator to the sensor position are generated and analysed for

both a standard configuration and a worst-case configuration. The parasitic dynamics

of the redesign are increased from 160 Hz and 290 Hz to approximately 410 Hz and

435 Hz. Moreover, dynamic behaviour up to 500 Hz is improved compared to the

previous prototypes.



Samenvatting

Position Actuator for the ELT Primary Mirror

De ‘Extremely Large Telescope’ (ELT), een telescoop met een 39 meter grote primaire

spiegel bestaand uit 798 hexagonale segmenten, is gedefinieerd om nieuwe belangrijke

wetenschappelijke ontdekkingen mogelijk te maken, zoals het ontdekken en karakteri-

seren van exoplaneten.

Drie positieactuatoren (PACTs) zijn verantwoordelijk voor het actief controleren van

de vrijheidsgraden die het optische vlak van elk segment definiëren: de verticale trans-

latie en twee rotaties om een as evenwijdig aan het optische vlak. In totaal zijn er 2394

identieke positieactuatoren, plus reserveactuatoren, benodigd. De dynamische analyse,

het ontwerp, de realisatie, en het testen van dergelijke actuatoren worden beschreven

in dit proefschrift.

In het algemeen kunnen dynamische 1D modellen effectief het basisgedrag van het

systeem beschrijven. De toevoeging van analyses gebaseerd op de eindige elementen

methode heeft waardevolle informatie gegeven over parasitaire en flexibele eigenmodes

die de prestatie kunnen bëınvloeden. Door niet-perfecte doch fysiek relevante inputs

aan te brengen, zoals asymmetrische en laterale krachten, kan deze parasitaire dyna-

mica zichtbaar worden in frequentie-responsfuncties.

De drie PACT prototypes hebben voldoende slag (meer dan ±7.5 mm) om een seg-

ment naar zijn nominale positie te herpositioneren, voornamelijk compenserend voor

vervormingen van de onderliggende telescoopstructuur. Daarnaast voorziet ten minste

één prototype in de 1.7 nm RMS positioneringsnauwkeurigheid om de primaire spiegel

te faseren in de aanwezigheid van wind en frame verstoringen, terwijl de andere twee

nauwgezet volgen. Aanbevelingen om de volgprestatie te verbeteren worden gepresen-

teerd.

Om het grote benodigde dynamische bereik te overwinnen is een tweetraps ontwerp-

concept gekozen. De grove trap zorgt voor de benodigde actuatorslag van 15 mm met

micrometer reproduceerbaarheid, terwijl de fijne trap de kloof overbrugt tot het nano-
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meter regime.

Een kosteneffectieve PACT met een lage open lus axiale stijfheid wordt voorgesteld

en gerealiseerd. Het geselecteerde concept is hoofdzakelijk opgebouwd uit standaard

aluminium platen en buizen. Om de kosten te minimaliseren, worden de meeste platen

bewerkt in een enkele opspanning. Om de assemblage te vergemakkelijken, kunnen de

meeste onderdelen op bouten worden geregen, uitgelijnd met behulp van pasranden,

voordat ze worden gefixeerd. Alle aluminium onderdelen zijn geanodiseerd om de cor-

rosiebestendigheid te verbeteren. Een optische lineaire encoder met een resolutie van

1.0 nm is dicht bij de uitgang geplaatst, terwijl er aan het Abbe criterium voldaan

wordt, waardoor meetfouten worden geminimaliseerd.

Voor de fijne trap is een voice coil actuator (VCA) geselecteerd, wat resulteert in een

wrijvingsloze beweging en geen hysteresis. De VCA is een krachtactuator en heeft

daarom geen inherente stijfheid. Stijfheid voor het segment wordt gecreëerd met een

lokale regel-lus met terugkoppeling op het encoder signaal.

De zwaartekrachtbelasting op de positieactuatoren is een functie van telescoop-oriëntatie.

Door een gewichtscompensatiemechanisme parallel aan de VCA te implementeren,

wordt de kracht die door de VCA gegenereerd dient te worden aanzienlijk vermin-

derd. Dit leidt ertoe dat de VCA slechts kleine krachten dient uit te oefenen om te

compenseren voor wind- en trillingskrachten, evenals positiefouten en verstoringen die

worden veroorzaakt door de grove trap. Als aandrijving voor de grove trap wordt

een commercieel-verkrijgbare spindel toegepast, met een borstelloze DC-motor, een

TR10x2 mm schroef, gëıntegreerde lagers en een reductie van 1:1093. Twee cardani-

sche elementen zijn ontworpen om een overbepaalde verbinding tussen de moer en de

slede van de grove trap te verminderen.

De vermogensdissipatie van PACT wordt lager dan 1.0 W geschat tijdens het volgen

en lager dan 5.0 W tijdens snelle positieveranderingen, waardoor er aan de vereisten

voldaan wordt.

Een symmetrische elastische rechtgeleiding, gebaseerd op scherp gevouwen bladveren,

is toegepast om hysteresis en wrijving te minimaliseren. Zowel de fijne trap als de

grove trap zijn rechtgeleid met bladveren, en het gewichtscompensatiemechanisme is

gëıntegreerd in deze geleiding. De gevouwen bladveren zijn zodanig gedimensioneerd

dat de maximale buigspanning tijdens bedrijf onder de vermoeiingsspanning blijft, om

een levensduur van meer dan 30 jaar te garanderen.

De drie prototypes hebben een axiale open-lus stijfheid van ongeveer 300 N/mm in no-

minale positie, die ±3% over de slag varieert. De gemeten variatie in de axiale open-lus

stijfheid tussen prototypes, vergeleken bij identieke posities van de grove trap, is min-

der dan 3%. Om de laterale stijfheid bij de uitgang te maximaliseren, zijn de bladveren

aan de bovenzijde dicht bij de uitgang gemonteerd. De laterale stijfheid bij de uitgang

wordt geschat op 2.3 N/µm in uiterste stand, en bijna drie keer hoger in de nominale

positie.

Een modale analyse is uitgevoerd op een vereenvoudigd model van het herontwerp en

vergeleken met een analyse van de vorige prototypes. Frequentie-responsfuncties van
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een kracht op de VCA naar de sensorpositie zijn gegenereerd en geanalyseerd voor

zowel een standaardconfiguratie als een worstcase scenario. De parasitaire dynamica

van het herontwerp is verhoogd van 160 Hz en 290 Hz naar ongeveer 410 Hz en 435 Hz.

Bovendien is het dynamisch gedrag tot 500 Hz verbeterd ten opzichte van de vorige

prototypes.





Nomenclature

Symbol Description Unit

Ø diameter m

a, b distance m

A amplitude m

Ai area m2

ci translational stiffness N/m

cp specific heat J/(kg K)

C controller

C3 constant

d diameter m

d2 pitch diameter m

D damping matrix

D diameter m

E Young’s modulus N/m2

Fi force N

fi frequency Hz

g gravitational acceleration m/s2

h ligament thickness m

hw wear m

H height m

H plant transfer function

H1 flank width m

I current A

i ratio

kf motor force constant N/A

ki rotational stiffness N m/rad
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Symbol Description Unit

kt motor torque constant N m/A

kw specific wear rate m2/N

K stiffness matrix

li length m

L length m

mi mass kg

M mass matrix

p pitch m

P power W

Pdiss power dissipation W

q generalised coordinates

Q input vector

qmi modal input

Qm modal input vector

R radius m

R resistance Ω

Rp0,2 yield strength N/m2

S service-life stroke m

S sensing range m

S sensitivity

Sn nominal sensing range m

Sww auto-power density

Szw cross-power density

ti thickness m

Ti temperature K

T torque N m

u deflection m

u input N

wi width m

x position m

ẋ velocity m/s

ẍ acceleration m/s2

x, y, z Cartesian coordinate system m

xs, ys, zs Cartesian coordinate system of the segment m

y output m

Y output vector

ymi modal output

Ym modal output vector

Z modal damping matrix
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Greek Description Unit

α PACT version

αi coefficient of thermal expansion m/(m K)

αi local slope rad

β PACT version

β thread profile angle rad

γ PACT version

δ deflection m

δi difference m

∆ difference

ζ modal damping

η efficiency

η modal generalised coordinates

λ thermal conductivity W/(m K)

Λ undamped eigenfrequency matrix

µ friction coefficient

ν Poisson’s ratio

ρ density kg/m3

σ0.2 yield stress N/m2

σi stress N/m2

σv clamping pressure N/m2

σi,j RMS error m

φ, ψ angle rad

φ, ψ, θ rotations around Cartesian vectors rad

φi eigenvector

φs, ψs, θs rotations around Cartesian vectors of the segment rad

Φ eigenvector matrix

ω angular frequency rad/s

ωi eigenfrequency rad/s
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Abbreviation Description

BLDC Brushless Direct Current

BW Control Bandwidth

CAD Computer-Aided Design

CESA Compañia Española de Sistemas Aeronáuticos

CGH Computer-Generated Hologram

CMM Coordinate Measurement Machine

COG Centre Of Gravity

COS Centre Of Stiffness

CS Coarse Stage

CTE Coefficient of Thermal Expansion

DOF Degree Of Freedom

E-ELT European Extremely Large Telescope

EDM Electrical Discharge Machining

ELT Extremely Large Telescope

EMF Electromagnetic Field

ESO European Southern Observatory

EUV Extreme Ultraviolet

FEA Finite Element Analysis

FRF Frequency Response Function

FS Fine Stage

GTC Gran Telescopio Canarias

HET Hobby-Eberly Telescope

IFi Interferometer

ILC Iterative Learning Control

LAMOST Large Sky Area Multi-Object Fibre Spectroscopic Telescope

M1 Primary mirror

M1SA M1 Segment Assembly

M1SS M1 Support Structure

M2 Secondary mirror

M3 Tertiary mirror

M4 Quaternary mirror

M5 Fifth mirror

MIMO Multiple-Input-Multiple-Output

MTBF Mean Time Between Failure

NPBS Non-Polarising Beam Splitter

NPL National Physical Laboratory

PACT Position Actuator

PI Physik Instrumente



Nomenclature xi

Abbreviation Description

POI Point Of Interest

PSD Power Spectral Density

PSI Phase-Shifting Interferometry

RMS Root Mean Square

ROC Radius Of Curvature

RSS Residual Sum of Squares

SALT Southern African Large Telescope

SFE Surface Form Error

SSiC Sintered Silicon Carbide

TMT Thirty Meter Telescope

TNO Netherlands Organisation for Applied Scientific Research

TF Transfer Function

TTL Transistor-Transistor Logic

UCL University College London

VCA Voice Coil Actuator

VLT Very Large Telescope
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Chapter 1

Introduction

The Extremely Large Telescope (ELT), formerly known as the European Extremely

Large Telescope (E-ELT), will be the largest optical and near-infrared segmented tele-

scope in the world. Three position actuators (PACTs) are responsible for the active

control of the degrees of freedom that define the optical plane of a segment: piston,

tip, and tilt. In the past, mainly high-stiffness position actuators have been applied for

controlling the primary mirror segments of segmented telescopes. Over the years, a gen-

eral trend of increasing stroke and increasing positioning performance can be observed,

while the power dissipation requirements remain approximately the same. Low-stiffness

actuators are considered for the new generation of segmented telescopes. A problem

description and outline of the thesis are described in this chapter.

1.1 Extremely Large Telescope (ELT)

The European Southern Observatory (ESO) defined a new giant telescope needed by

the middle of the next decade: the Extremely Large Telescope (ELT). The ELT aims

to study the Universe in even higher detail than presently is possible with ground-

based and space-based telescopes. The ELT, with its 39-metre-diameter primary mir-

ror (M1), will feature adaptive optics, to correct for disturbances from our atmosphere,

and will have multiple large science instruments. It will be able to make images 15

times sharper than the Hubble Space Telescope, and it will gather 15 times more light

than the present largest optical/near-infrared telescopes on Earth. A size comparison

of optical telescope primary mirrors is depicted in Fig. 1.3

The ELT will tackle the biggest scientific challenges of our time [26], including track-

ing down Earth-like planets around other stars where life could exist - one of the holy

grails of modern observational astronomy. Not only through indirect measurements

of the wobbling motion of stars perturbed by the planets that orbit them, but also

by directly imaging Earth-like exoplanets and even the characterisation of their atmo-

spheres. One of the goals of the ELT is the possibility of making a direct measurement
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Figure 1.1: Interior of the ELT (ESO).

Figure 1.2: Of the 133 segments of a sector,

75 are unique in shape and op-

tical prescription (yellow), while

the other 58 are mirrored (blue)

(TNO).

of the acceleration of the Universe’s expansion, which would have a major impact on our

understanding of the Universe. The ELT will also search for possible variations in the

fundamental physical constants with time, which could have far-reaching consequences

for our comprehension of the general laws of physics. It will also make fundamental

contributions to cosmology by measuring the properties of the first stars and galaxies

and probing the nature of dark matter and dark energy.

Fig. 1.1 shows the ELT interior (the dome and its accessory buildings are omitted

for clarity). The M1 (1) is an elliptical concave mirror, which reflects collected light

to a 4-metre convex secondary mirror, the M2 (2). The M2 reflects the light back to

a mildly-aspheric concave third mirror, the M3 (3), which is located at the vertex of

the M1. A fourth adaptive mirror, the initially-flat M4 (4), adjusts its shape to correct

for atmospheric distortions. Finally, the light reaches a fast-moving fifth mirror, the

M5 (5), which stabilises the image and sends the light to instruments on the platform.

Both the elevation angle (6) and the azimuth angle (7) of the telescope can be actively

controlled.

The ELT will be located on top of Cerro Armazones in the Atacama Desert of north-

ern Chile, about 25 kilometres from Cerro Paranal, where the Very Large Telescope

(VLT) is stationed. First light is planned for 2024. More details of the telescope and

its requirements can be found in the ELT Construction Proposal [26].

1.1.1 Primary mirror (M1)

The ELT primary mirror (M1) is an elliptical concave mirror with a diameter of approx-

imately 39 metres, an 11-metre central obscuration and a 69-metre radius of curvature

(ROC). The M1 mirror consists of 798 discrete optical elements: the primary mirror

segments. The segments are near-hexagonal, maximum 1429 mm in size (corner-to-
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Figure 1.3: Size comparison of optical primary mirrors (ESO).

corner), 50 mm thick (thickness at the centre) and made of low thermal expansion

glass. Each segments weighs approximately 177 kg. The primary mirror segments are

grouped in six sectors of 133 segments each. Of the 133 segments of a sector, 75 are

unique in shape and optical prescription, while the other 58 are mirrored (Fig. 1.2).

The reflective coating lifetime of a segment is about 18 months, which results in two or

three segments having to be replaced every day. A segment taken out of the telescope

can immediately be replaced by another of the same family, which has been prepared

beforehand.

1.1.2 M1 segment support (M1SS)

The global segment coordinate system is shown in Figure 1.4. A support structure

is required to distribute the load of the segment, minimising form-deviations. The

hexagonal geometry permits the use of a common support structure for all segments.

The segment support is integrated into the segment. Passive and active adjustments

can be utilised to compensate for the segment in-plane shape variation between the

133 segment families.

The Netherlands Organisation for Applied Scientific Research (TNO) has experience

in designing and prototyping M1 Segment Supports (M1SS), of which the latest design
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Figure 1.5: M1 Segment Support (TNO).

is depicted in Fig. 1.5.

The segment and its support structure form the segment assembly, together weighing

about 270 kg. A whiffle-tree support [99] fixates the zs, φs, and ψs degrees of freedom

(DOF). Three nine-point whiffle-trees are joined to provide 27 axial (zs) supports for

the segment. The segment load is taken by struts that have high axial and low lateral

stiffness. The lateral support (xs and ys) is provided by a central membrane installed

in the segment central hole, at the centre of gravity (COG) of the segment. The ro-

tation about the segment optical axis (θs) is constrained by a single clocking-strut

positioned at a large radius, to maximise the rotation stiffness. The clocking-strut is

always perpendicular to the gravity direction to minimise the effect of gravitational
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forces on the segment shape. The axial support, lateral support, and clocking strut are

all attached to the moving frame. The moving frame is a sheet-metal box structure,

which has three flexures that provide an accurate attachment interface with the fixed

frame. These three flexures constrain the lateral (xs, ys) and clocking motion (θs) and

permit the piston (zs), tip (φs), and tilt (ψs) motion of the segment assembly.

The segment assembly is installed on a fixed frame assembly, which in turn is perma-

nently attached to the telescope’s main structure. Once installed on the fixed frame

assembly, the segment assembly is moved in piston, tip, and tilt using three position

actuators (PACTs). Each PACT is connected to one of the three main support struts

of the whiffle-tree. Each PACT is mounted on a plate-like structure of the fixed frame,

constraining it in x, y, and θ-direction. The PACTs are axially supported on the

telescope structure with three adjustable struts each, connected to the fixed frame,

constraining the z, φ and ψ-DOF. The fixed frame, as its name suggests, will stay

fixed to the telescope’s main structure, while the segment assembly can be extracted

for maintenance purposes.

1.1.3 Segment metrology

The surface form error (SFE) of each segment, after integration on the support struc-

ture, should be less than 50 nm RMS [26]. Metrology equipment with nanometre-level

uncertainty is required for the final metrology of the primary mirror segments, which

is challenging in view of the segment dimensions. The metrology uncertainty of the

form error of the segments (including focus, astigmatism and trefoil) should not exceed

15 nm RMS, which is based on a TNO assessment.

Many methods have been employed for aspheric metrology in the past [5, 15, 17, 84]

and none is pre-eminent. In terms of the requirements that are foreseen in the man-

ufacturing of large aspheric optics, metrology devices must fulfil demanding criteria.

A successful device will need the capability to measure apertures up to 1500 mm in

diameter at a reasonable speed with nanometre-level uncertainty. Furthermore, this

technology must be cost-effective and have low operational costs. A non-contact mea-

surement machine is designed by the author [11], providing suitable metrology for M1

segments. This design is described in Appendix A.

1.2 Position actuator (PACT)

The segment surfaces have to be aligned with nanometre accuracy relative to each other

to function as one 39-metre filled aperture. Three position actuators are responsible for

the active control of the degrees of freedom that define the optical plane of a segment

(zs, φs, and ψs). The PACTs are required to have sufficient stroke to reposition the

segment to its nominal position, compensating for the deflections of the underlying

telescope structure. In addition, the actuators need to provide the resolution and

accuracy necessary for phasing the primary mirror in the presence of disturbances.
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Figure 1.6: Position actuator concept of Keck [58].

These are dominated by wind and frame disturbances. Furthermore, PACT must

operate at different orientations with respect to vertical (zs), to keep track of sky

targets during observation.

1.3 Position actuators of existing and planned segmented tele-

scopes

Position actuators have been applied in the past for controlling the primary mirror

segments of segmented telescopes. A brief summary of five existing position actuators

that are applied in segmented telescopes, as well as proposed position actuators for

two large segmented telescopes, is given below. The segmented primary mirrors and

their (relative) sizes are found at the middle and the right side of Fig. 1.3. Note that

only ground-based telescopes are considered, which discards the James Webb Space

Telescope. This description is not necessarily comprehensive, it is merely intended to

give an overview of position actuators for segmented telescopes and the chosen electro-

mechanic/mechatronic solutions.

The W. M. Keck Observatory (Keck) applied an actuator with a required stroke of

±0.55 mm and a position accuracy of 7 nm RMS. The concept is shown in Fig. 1.6,

which is based on a DC-motor driven roller screw with a 1:24 hydraulic reduction.

The output shaft is guided using two diaphragm flexures. A preload spring is used

to prevent the reversal of hydraulic pressure when the mirror points below the hori-

zon [58]. The roller screw has been proven to be reliable, but Keck experiences about

one actuator failure per year due to the hydraulic chamber [52].

The Hobby-Eberly Telescope (HET) applied a Diamond Motion Inc. 2200-series actu-

ator, with a required stroke of ±0.75 mm and a positioning accuracy of 8 nm RMS.

The actuator comprises a leadscrew (pitch p = 0.635 mm) driven by a stepper motor

with a 1:10683 reduction gearhead, controlled open-loop [44].

The Southern African Large Telescope (SALT), which is a copy of the HET, applied

M-235 series actuators from Physik Instrumente (PI), based on a DC-driven ball screw
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Figure 1.7: GTC position actuator [49].

Figure 1.8: Position actuator concept of LAMOST [51].

with a gearhead and a high-resolution rotary encoder. This results in a relative po-

sitioning accuracy of 350 nm RMS, including backlash [85]. The required stroke was

±10 mm with a positioning accuracy of 360 nm RMS.

Note that both the HET and the SALT are different types of segmented telescopes,

since the elevation angle of both cannot be varied, which results in a constant gravita-

tional load on the actuators.

The Gran Telescopio Canarias (GTC) applied an actuator with a roller screw (Fig. 1.7).

Comparable to the Keck actuators, a hydraulic reduction reduces the displacement of

the electro-mechanical stage [49]. The actuator has a stroke of 1.5 mm and a relative

position accuracy of 8 nm RMS [3].

Finally, the Large Sky Area Multi-Object Fibre Spectroscopic Telescope (LAMOST)

applies the same type of actuator as HET (Diamond Motion. Inc.), but with a 1:5752

reduction gearhead [51]. The concept is depicted in Fig. 1.8.

Some requirements of the existing position actuators are given in Table 1.1. Require-

ments of two planned segmented telescopes, the Thirty Meter Telescope (TMT) and

the Extremely Large Telescope (ELT), are given in Table 1.2.

Comparing Table 1.1 with Table 1.2, a general trend of increasing stroke, increasing

accuracy and therefore increasing dynamic range ( stroke
accuracy

) can be found. The new

generation of segmented telescopes, the TMT and the ELT, require an increase in dy-

namic range of about one order of magnitude, while the power dissipation requirements
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Table 1.1: Position actuator requirements for existing segmented telescopes.

Keck I/II HETa SALTa GTC LAMOST

Stroke [mm] 1.1 1.5 20.0 1.5 6.4b

Accuracyc [nm] RMS 7 8 360 8 -

Dynamic range [-] 1.6 · 105 8.0 · 105 5.6 · 104 8.0 · 105 -

Axial load [N] 650 300 100 1600 445a

Velocity [µm/s] 2.5 - 10 0.3 - 10 10 15 0.16 - 5.4

Power dissipation [W] 0.5 2.0 - - -

Type [-] Hard Hard Hard Hard Hard

First light [y] 1993/1996 1996 2005 2007 2009
a Fixed elevation angle resulting in a constant gravitational load on the actuators.
b Specification by manufacturer.
c Relative position accuracy. Accuracy definition may vary between telescopes.

remain approximately the same. To overcome this large dynamic range, actuator con-

cepts with a dual-stage design are being proposed. Furthermore, all of the previous

segmented telescopes have applied hard position actuators, while soft actuators are

also being considered for the two planned extremely large telescopes.

In a soft position actuator, the stator and the moving part are mechanically con-

nected, although with a low open-loop stiffness in driving direction (typically cax ≤
5.0 ·105 N/m). This low stiffness results in a relatively low (first) eigenfrequency, above

which disturbances from the stator are suppressed. The transmissibiliy above the first

eigenfrequency decreases with a minus-two slope (when low damping is present) [78].

Remaining vibrations and other external disturbances can be actively rejected by feed-

back control.

Hard position actuators, as the name suggests, have a high open-loop stiffness connec-

tion between the stator and the moving part (typically cax ≥ 1.0 · 107 N/m).

TMT has already chosen a soft position actuator as their baseline [86, 87], see Fig. 1.9

and Fig. 1.10. This position actuator is a dual-stage actuator with a cantilever. The

pivots consist of commercially available (symmetrical) cross-spring hinges (1). These

cross-spring hinges have the disadvantage that the stiffness of the intermediate bodies

is relatively low [73]. The long-stroke actuator (2), consists of a stepper motor with

gearbox and leadscrew, and will be referred to as the coarse stage (CS) actuator. The

moving parts of the CS are depicted in dark grey. The short-stroke actuator comprises

a voice coil actuator (VCA) (3), which bridges the gap to the nm range, and is placed

in parallel to the CS actuator. The short-stroke actuator will referred to as the fine

stage (FS) actuator. The moving parts of the FS are coloured light grey. Furthermore,

two helical compression springs (4) are applied as weight compensation for the fine

stage, which is required to satisfy the power dissipation requirement. Two permanent
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Table 1.2: Position actuator requirements for two planned segmented telescopes.

TMT ELT

Stroke [mm] 5.0 15.0

Accuracya [nm] RMS 4.5 1.7

Dynamic range [-] 1.1 · 106 8.8 · 106

Axial load [N] 750 900

Velocity [µm/s] 2.0 1.2 - 250

Power dissipation [W] 1.0 1.0

Type [-] Soft Soft/Hard

Planned first light [y] 2022+ 2024
a Relative position accuracy. Accuracy definition may vary between telescopes.

Figure 1.9: Concept of the TMT actua-

tor [56].
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Figure 1.10: Side view of the TMT soft actuator.

magnets (5), and a copper plate (6) that is attached to the VCA coil assembly, are

applied to create Eddy-current damping [28]. Close to the output (7), a linear optical

encoder (8) is applied, however with an Abbe-offset, not satisfying the Abbe criterion

and therefore introducing measurement errors.

A measurement system satisfies the Abbe criterion [1, 13], when the system is aligned

to the point of interest, avoiding sensitivity to angular displacements.

Finally, actuated mechanical end-stops, which are synchronised with the coarse stage

movement, are present to survive earthquakes.

Several companies have designed a position actuator for the ELT. A soft actuator is

designed by Compañia Española de Sistemas Aeronáuticos (CESA) [26], which is de-
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Figure 1.11: Concept of the CESA actuator [26].

picted in Fig. 1.11. A brushless DC-motor (100) with a 1:50 gearbox and leadscrew

(p = 2 mm) is used as a coarse stage (CS), which is guided with two bush-bearings

(107) and preloaded with helical compression springs (13). The use of bush-bearings

increases the uncertainty due to friction, play and hysteresis. Moreover, the design is

over-determined, probably resulting in a reduced lifetime. A voice coil actuator (101),

placed in series with the CS, is used as a fine stage (FS) actuator. The FS is guided

using two membrane springs (02). These membrane springs also provide a weight

compensation function. The stiffness of a typical membrane spring is constant up to

approximately half of the flexure thickness [100]. With a flexure thickness of about

1 mm, and a combined axial stiffness just below 600 N/mm at maximum operational

load [26], the maximum deflection at maximum operational load equals 1.5 mm. This

will lead to a non-linear stiffness behaviour over the stroke, with a rapid increase in

axial stiffness for a deflection δ larger than 0.5 mm, which in turn can limit the control

performance, as the first eigenfrequency will shift significantly over the stroke. Further-

more, the two diaphragm springs only have a small axial offset, reducing the rotation

stiffness significantly. A linear optical encoder is applied to measure the output shaft,

but with a large Abbe-offset, which will lead to significant measurement errors.

Physik Instrumente (PI), has designed both a hard position actuator [31], depicted in

Fig. 1.12, and a soft position actuator [56], shown in Fig. 1.13.

The hard PACT comprises a brushless torque motor with a 1:100 harmonic drive gear

head and a satellite roller screw as coarse stage, and a preloaded piezo actuator as fine

stage. The output of the fine stage is guided with an unknown guiding system. Close

to the output, a linear optical encoder is applied with a small Abbe-offset. The use of

a harmonic drive increases the costs significantly. The soft PACT comprises a rotating

spindle (1) drive (p = 0.5 mm) with direct drive rotary motor (2) as the CS actuator,

placed on top of a VCA (3) as the FS actuator. By placing the CS on top of the FS, the

moving mass of the position actuator increases significantly from typically 2 kg to 5 kg
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Figure 1.12: Concept of the PI hard actua-

tor [31].
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Figure 1.13: Concept of the PI soft actua-

tor [56].

or more. However, compared to the actuated mass of a segment assembly (about 90 kg

per actuator), this increase is almost negligible. Moreover, disturbances introduced by

the coarse stage actuator are likely less filtered by the FS, which acts as a filter for

disturbances above the resonance frequency [22, 70]. A helical compression spring (4)

is applied as weight compensation of the FS. While helical compression springs in all

sizes are commercially available, and at a low price-point, they have a couple of draw-

backs. The first drawback is that there is only one value of the axial load for which the

spring is correctly loaded along its centreline [73]. A load change on the spring causes a

change in tilt angle of all windings but the two exterior ones (top and bottom), which

are prevented from rotation by a reaction moment on the end contact pieces. This

causes the springs force to generate a compensating moment by side-stepping (parallel

to its previous position) whereafter there is no central loading any more. As a result,

the burr from the flat-grinded spring-end may dig into the support plane, which is

often not of spring hardness. As the guidance prevents rotation around the centreline,

this results in friction/hysteresis. A further disadvantage is that the spring can only be

used for compressive loading, while tensile loads are also expected. Furthermore, the

guidance of the FS at the end of the compression spring looks like a plain bearing (5)

of limited height, providing limited tilting stiffness, and giving rise to skidding. This

is however depending on the guidance of the output shaft (6), which is unknown and

not visible in Fig. 1.13. The linear encoder (7) is again placed close to the output with

a small Abbe-offset.

TNO Science and Industry has designed three soft ELT position actuator prototypes,

PACT α, β, and γ [96]. These three actuators all apply a dual-stage actuator concept,

to be able to meet the accuracy and the positioning requirements, as the dynamic range

is almost seven orders. The concept is depicted in Fig. 1.14.

The coarse stage (CS) takes care of the required actuator stroke of 15 mm with µm

accuracy, while the fine stage (FS) bridges the gap to the nm range. For the fine stage,

a voice coil actuator (VCA) is selected, which results in frictionless motion and no

hysteresis. However, to meet the axial load and power consumption requirements, two
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Figure 1.14: Design concept of PACT (TNO).

off-loading springs are placed in parallel with the fine stage actuator. An optical linear

encoder is placed in Abbe close to the output.

In PACT α, a stepper motor is applied as CS actuator. However, the applied con-

trol structure based on iterative learning control (ILC) was considered too complex by

ESO. Furthermore, the steps, acting as disturbances, could excite parasitic dynamics.

Therefore, brushless DC-motors (BLDC-motors) are applied in PACT β and γ. The

difference between PACT β and PACT γ is that in the latter, a gearbox with a 1:411

reduction is connected to a planetary screw drive (p = 0.75 mm) with an intermediate

body, while PACT β comprises a full Maxon motor assembly with a 1:1093 planetary

gearbox connected to a trapezoidal leadscrew (TR10x2), resulting in almost the same

reduction.

The design of PACT γ is depicted in Fig. 1.15. The nut (1) is connected to a support

cone, which forms the connection between the coarse actuator (2) and the off-loading

springs (3). The load is carried by two off-loading springs that are placed in parallel

with the VCA (4), which is of the moving coil type. The two off-loading springs (3)

are machined from aluminium and have clockwise and anti-clockwise coils, to avoid

rotation of the actuator output shaft when the off-loading springs are compressed.

The combined axial stiffness of the two machined springs in parallel is approximately

225 N/mm. Compression of the off-loading springs under load is compensated by the

CS actuator, which results in a larger required stroke. To constrain the rotation around

driving direction and to guide the fine stage, a lateral support (5) is designed, which

is made of TiAl6V4. The metrology system consists of an incremental optical linear

encoder with nanometre resolution, satisfying the Abbe criterion, with the linear scale

(6) connected to the fine stage. The position sensor (7) is connected to the housing via

a tripod. To determine the position of PACT without having to search for the central

reference mark of the encoder scale, two inductive limit switches (8) are applied: one

determines whether PACT is within range, while the other sensor determines whether

PACT is above or below its mid-position. Furthermore, a rotary encoder is applied at

the DC-motor to allow velocity control (e.g., to suppress play).
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Figure 1.15: Design of PACT γ.

Note that the housing (10) of PACT γ is connected to the segment fixed frame from

the side, as dictated in the 2009 requirements, significantly reducing the axial stiffness

compared to an axial support. In the latest ESO requirements, an axial support has

been adopted.

1.4 Problem description

The previous TNO prototypes (PACT β and γ) satisfy the positioning performance

requirements [96], measured in an experimental setup at an orientation of 0°. However,

updated M1SS requirements (2014) dictate a change in PACT interface. Each PACT

should be axially mounted (from the bottom).

Furthermore, the dynamic behaviour can be improved upon, as in certain orientations,

parasitic dynamics that degrade the performance are observed in measured frequency

response functions (FRFs). In Fig. 1.16, measured open-loop FRFs of PACT β from

VCA to linear encoder at 60° in an experimental setup, as function of coarse stage

position, are depicted. Parasitic dynamics arise between 120 Hz and 145 Hz, and

220 Hz and 240 Hz, depending on the coarse stage position. More details about the

FRF measurements and the experimental setup will be discussed in Chapter 2.

Finally, it is strived for to decrease the total cost of the PACTs in series-production.
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Figure 1.16: Open-loop frequency response measurements of PACT β from VCA to linear encoder at

60°, as function of coarse stage position. Dark blue is in retracted position, dark red is

in extracted position. Parasitic dynamics arise between 120 Hz and 145 Hz, and 220 Hz

and 240 Hz, depending on the coarse stage position.

The goal of this thesis is therefore to analyse where the parasitic modes come from,

and to determine how they are excited. The next step is to redesign and realise a

cost-effective ELT PACT, based on the lessons learned from dynamic analyses of the

previous TNO prototypes, which satisfies the updated requirements.

1.5 Requirements ELT PACT

The main PACT performance requirements are listed in Table 1.3. These requirements

are based on PACT requirements (2009) in combination with updated M1SS require-

ments (2014). The primary function of PACT is to maintain the position of the M1

mirror segment of the ELT within 1.7 nm RMS in the presence of disturbances, with

a stroke of 15 mm. Frame vibrations, which also will act on PACT, are not specified.

Therefore, the 1.7 nm RMS positioning accuracy is required in presence of wind dis-

turbances only. The position measurement is defined as the elongation of the output

interface with respect to its bottom interface. Moreover, the positioning performance

is determined by taking the RMS of the detrend PACT error (i.e., filtered with a

second-order high-pass filter with a cut-off frequency of 1 Hz), following a position

ramp reference within tracking velocity range in a time window of 10 minutes.

Some of the most challenging requirements are the low power dissipation with a large
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Table 1.3: Main PACT performance requirements for the ELT based on PACT (2009) and M1SS

(2014) requirements.

Requirement Value

Stroke ≥ 15 mm

Position accuracya ≤ 1.7 nm RMS

Absolute accuracy (constant T ) ≤ 5 µm

Operating angles -85 to +15°

Axial load (operational) 0 to -900 N

Axial load (survival) +1800 to -2700 N

Max. lateral load (survival) 100 N

Max. torque (survival) ± 15 Nm

Axial stiffness ≥ 12 N/µmb (goal 50 N/µm)

Lateral stiffness ≥ 1 N/µm

Slewing velocity ± 250 µm/s

Tracking velocity ± 1.2 µm/s

Tracking accelerations ± 0.5 nm/s2

Closed-loop bandwidthc ≥ 30 Hz

Power dissipation (tracking) ≤ 1.0 W

Power dissipation (slewing) ≤ 5.0 W

MTBF ≥ 500.000 h

Lifetime ≥ 30 years (goal 50 years)

Total mass ≤ 10 kg

Volume (D x H) Ø200 x 288 mm

Price ≤ e4.000

Air temperature (operational) 0 to +15°C (ref: 9°C)

Air temperature (survival) -15 to +45°C

Air pressure (operational) 712 mbar ± 50 mbar
a RMS of the detrend error following a position ramp reference within tracking

velocity range in a time window of 10 minutes and in the presence of disturbances.
b Closed-loop axial stiffness.
c Highest frequency at which the gain of T(s) = Y (s)

R(s)
crosses 1√

2
(-3 dB) from above.
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range in axial load. Furthermore, the requested minimum lifetime of 30 years is chal-

lenging, although up to 0.5 man-hours maintenance activities are allowed every 5 years.

No light is allowed to emit from PACT, which could influence the gathering of infor-

mation from the Universe.

All these requirements should be met for a target price of approximately e4.000 per

actuator, for the series of 2394 (3 x 798) PACTs plus spares, including development,

risk assessment and testing.

The volume and interface requirements as specified by TNO and derived from ESO

requirements on the M1SS, are depicted in Fig. 1.17.

During a typical 10 hour/day observation, the ELT PACT is expected to execute typ-

ically 20 slews of 10 mm average, and 120 slews of 0.01 mm per night. Assuming that

it will track between these positions, covering the same distance (worst-case), a total

of 0.4 m a night will be covered. In a course of 30 years, 365 days a year, this results

in a covered distance of approximately 4.5 km.

A local PACT coordinate system has been adopted, which is depicted in Fig. 1.18.

Since the design volume (diameter) at the top of PACT is not defined, the full Ø200 mm

is chosen, to maximise lateral guiding stiffness (by placing straightguide components

as close to the output as possible).

1.6 Thesis outline

Two of TNO’s previous ELT PACT prototypes (PACT β and γ) are analysed in Chap-

ter 2. First, the mechanical design is assessed, followed by a thorough dynamic analysis

of PACT γ. A 1D model of PACT in its test-setup is compared with measurements.

Next, a simplified CAD model is implemented in a Finite Element Analysis (FEA)

model and a modal analysis is carried out. Eigenfrequencies and eigenmodes are ex-

tracted, and a modal state space description is obtained. This model allows the dy-

namics to be simulated, which are compared with measurements. The focus of the

dynamic analysis is laid on how design-specific loadcases affect the dynamics, and a

systematic way of finding these influences. Separating the effects of the input and

output gives valuable information and a systematic way to search for components of

influence. Furthermore, design improvements are proposed.

The redesign of a cost-effective dual-stage ELT PACT is described in Chapter 3. The

overall concept is explained first, after which the design of each subsystem is shown.

To overcome the large dynamic range, a dual-stage design has been adopted. A soft

(low stiffness) PACT is proposed and realised, with a voice coil actuator as fine stage,

and a coarse stage driven by a brushless DC-motor and a leadscrew. A flexure-based

straightguide is applied to minimise hysteresis and friction, which is dimensioned in

such a way that it has a long lifetime (≥30 years). Furthermore, PACT must operate at

different angles with respect to vertical, to keep track of sky targets during observation,
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Figure 1.17: PACT volume and interfaces defined by TNO (June 2016), derived from ESO M1SS

requirements.

while keeping the power dissipation below 1.0 W. Therefore, an elastic weight compen-

sation mechanism is integrated into the flexure-based straightguide. This chapter ends

with a comparison of the predicted dynamic performance of the redesigned PACT and

the previous TNO prototype, based on FEA. In Chapter 4, the measurement results

of three PACT prototypes are described. Open-loop frequency response measurements

in an experimental setup are shown. A high-performance FS feedback-controller is

designed for each prototype, a CS controller with a low control bandwidth is imple-

mented, and an ELT-relevant tracking experiment will be presented. A positioning

error of 1.7 nm RMS in the presence of both frame vibrations and wind disturbances
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Figure 1.18: Local PACT coordinate system and design volume.

has been obtained with one of the prototypes, satisfying the position accuracy require-

ment. The positioning performance of the other two follow closely. Recommendations

for improving the tracking performance of all PACT prototypes are given. Finally,

conclusions and recommendations will be given in Chapter 5.



Chapter 2

Analysis of previous PACT prototypes

The parasitic dynamics, as described in the problem description, degrade the perfor-

mance and/or robustness and are therefore unwanted. In this chapter, previous PACT

prototypes are both mechanically and dynamically analysed to explain what the parasitic

dynamics are, and why and how they arise. The focus of the dynamic analysis is laid

on how design-specific loadcases affect the dynamics, and a systematic way of finding

these influences. Separating the effects of the input and output gives valuable infor-

mation and a systematic way to search for components of influence. Finally, design

improvements are proposed.

Parasitic dynamics that degrade the performance are observed in measured frequency

response functions (FRFs) in the experimental setup. First the experimental setup is

described.

The experimental setup is designed to mimic the behaviour of a single PACT within

the M1SS assembly. The experimental setup is depicted in Fig. 2.1.

PACT is axially connected to a box (of around 150 kg), which represents the fixed

frame of the M1 segment support (M1SS) structure. Inside this box, a 90 kg test-mass

is guided with a flexure-based parallelogram, which represents one-third of the mass

of the M1SS, i.e., the mass that has to be actuated by a single PACT. The flexure-

based parallelogram that guides the test-mass has a stiffness in guiding direction of

approximately 54 N/mm. This results in an extra operational load of ±400 N at the

end-strokes of PACT.

PACT is connected to the test-mass with an aluminium strut that is designed to match

the replacement stiffness of the M1 segment assembly (M1SA), which is approximately

1.2 · 107 N/m.

The assembly is suspended on pendulum wires to a triangular frame. Moreover, The

angle between the box and the horizontal plane can be varied between 0° (horizontal)

and 90° (vertical), being able to do measurements at various operational orientations

of PACT with respect to the gravitational vector, with the load ranging from 0 N
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PACT

Pendulum wires
Frame

Box with test-mass

(a)

Interferometer
Strut with M1SS
replacement stiffness

PACT
BoxMirror

Flexure-based parallelogram

90 kg test-mass

(b)

Figure 2.1: (a) PACT β in the experimental setup, orientated at 0° (horizontal). (b) The internals of

the box are visible, showing the 90 kg test-mass, its flexure-based guidance, the interfer-

ometer, and the strut with the replacement stiffness of the M1SS.

(horizontal) to -900 N (vertical).

Furthermore, an interferometer with sub-nanometre resolution measures the relative

displacement of the test-mass with respect to the box. Hence, measurements done with

the linear optical encoder can be validated.

In Fig. 2.2, measured open-loop FRFs of PACT β from VCA to linear encoder at

60° in an experimental setup, as function of coarse stage position, are shown again.

The FRF measurements are carried out by positioning the coarse stage and measuring

the frequency response from VCA to linear encoder. After measuring the FRF at this

coarse stage position, the coarse stage moves to another position and the measurement

is repeated. Dark blue denotes an FRF measurement in retracted position of the coarse

stage, dark red is in extracted position.

Just above 10 Hz, the fine stage (FS) decouples from the coarse stage (CS). After that,

a minus-two slope (mass-line) is obtained. An anti-resonance precedes a fairly long

part with a zero-slope, before the decoupling of the fine stage on the test-mass of 90 kg

occurs around 400 Hz.

To meet the accuracy requirement of 1.7 nm RMS in presence of frame and wind

disturbances, a good low frequent disturbance rejection is required. With a PIID +

2nd-order low-pass controller, a bandwidth1 at the zero-slope part can be obtained

(between the anti-resonance and second large resonance), resulting in meeting the

accuracy specifications. However, at some measurements, parasitic dynamics arise at

the zero-slope part (Fig. 2.2), which are bandwidth, and thus performance, degrading.

After some trial-and-error, the appearance of the parasitic dynamics seem to be affected

1In the remainder of this thesis, the control bandwidth (BW) is defined as the cross-over frequency

of the open-loop transfer function L(s) = H(s) · C(s)
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Figure 2.2: Open-loop frequency response measurements of PACT β from VCA to linear encoder at

60°, as function of coarse stage position. Dark blue is in retracted position, dark red is

in extracted position. Parasitic dynamics arise between 120 Hz and 145 Hz, and between

220 Hz and 240 Hz, depending on the coarse stage position.
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Figure 2.3: Open-loop frequency response measurements of PACT β from VCA to linear encoder at

60°, as function of coarse stage position. Dark blue is in retracted position, dark red is in

extracted position. Zoomed in at the parasitic dynamics between 120 Hz and 145 Hz, and

between 220 Hz and 240 Hz.

by the alignment of the connecting strut between PACT and the test-mass.

A zoomed in plot is depicted in Fig. 2.3, which focusses on the region with parasitic
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dynamics. One mode can be clearly distinguished for all the CS positions at the lower

frequencies of that region (120 - 145 Hz). However, focusing on the dark red lines, some

small resonances can be seen just before the aforementioned mode, especially when

looking at the phase, which can indicate the presence of another mode. Moreover, note

that the eigenfrequency increases when going from a negative coarse stage position

to a positive coarse stage position, but at a certain position, it decreases again. At

the higher frequencies of the region (220 - 240 Hz), two modes can be distinguished.

Focussing on the dark red lines again, a resonance anti-resonance pair is visible, with

a second (smaller) pair on top of the anti-resonance of the first mode. Here, with

increasing coarse stage position, the eigenfrequency decreases.

In this chapter, these two (possibly four) modes will be investigated.

2.1 Mechanical design assessment

First, the existing mechanical design of the previous PACT prototype is analysed to

assess which design principles are used and to find possible explanations for the un-

wanted behaviour. A brief overview is given below and a solution is proposed. The

mechanical design is analysed using the principles and reasoning as advocated by Van

der Hoek, continued by Rosielle [73].

PACT γ was already discussed in Section 1.3. Here, PACT β, which is depicted in

Fig. 2.4, is assessed in more detail. The difference in coarse stage actuator length is

clearly visible, as in PACT β, no intermediate body is required to connect the gearbox

to the spindle. PACT γ, with a length just below 315 mm from the bottom of the

coarse stage actuator to the output interface, does not satisfy the length requirements.

PACT β on the other hand, with a length of 286 mm, does.

PACT β utilises a trapezoidal screw (1) TR10x2 mm (pitch p is 2 mm) with length

L of 40 mm, a pitch diameter d2 of 9 mm, and a thread profile angle β of 30°. The

friction coefficient µ is typically 0.15 (steel-bronze, lubricated) [7]. The required torque

T to move a load F of -900 N upwards, calculated with

T =
F · p
2π · η , with η =

tan(φ)

tan(φ+ ρ′)
,

ρ′ = arctan

(
µ

cos(β/2)

)
, φ = arctan

(
p

π · d2

)
,

(2.1)

is in de order of 1 Nm. The efficiency η of the trapezoidal screw is 0.31. Moreover,

because ρ′ > φ, the thread is self-locking. The torque required to move the load down

is almost -0.4 Nm.

The positioning error due to spindle wind-up at the end of the stroke is about 0.2 µm

with a load of -900 N [7], which is the worst-case situation. Furthermore, the service-life
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Figure 2.4: Design of PACT β.

of a power screw can be determined with [7]:

S =
hw

kw · P
,

P =
Fm(

H
p

)
· π · d2 ·H1

.

(2.2)

With an average load Fm of -650 N, which is the gravitational load at an elevation angle

of 45°, an allowable wear rate hw of 10% of the thread thickness p
2
, a thread height H

of 15 mm (nut), flank width H1 of 1 mm, and a specific wear rate kw of 5 ·10−15 m2/N,

the service-life stroke S is estimated to be 8.2 km, which satisfies the worst-case cov-

ered distance of 4.5 km. Even with a constant load of -900 N, the service-life stroke is

estimated to be 4.7 km.

A Maxon motor leadscrew assembly is applied, with a 1:1093 four-stage planetary

gearbox (2), an EC20 flat 3W, 9V brushless DC-motor (3) with Hall sensors and an

encoder with 512 lines (4). This results in an output resolution of 0.9 nm. This is a

commercially available set, with two integrated radial bearings and (form-closed) axial

roller bearings in between, which minimises building length and costs. The maximum

allowed static load equals 2700 N, and the maximum rotation velocity is 8000 RPM.

Maxon motor BLDC-motors are designed to rotate with a relatively high rotation ve-

locity (typically 1000 RPM to 8000 RPM). Slewing velocity is set to ±250 µm/s, while
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tracking velocity should be ±1.2 µm/s. With a thread pitch p of 2 mm, this would

require a rotation velocity of 6 · 10−4 RPM and 1
8

RPM without gearbox for tracking

and slewing, respectively. BLDC-motors do not rotate smoothly at these rotation ve-

locities, if they turn at all. By adding the 1:1093 gearbox, this increases to 40 RPM

and 8198 RPM for tracking and slewing, respectively, bringing the required output

velocities within a feasible range.

The Maxon motor EC20 flat 3W has a motor torque constant kt of 8.4 Nmm/A, and a

resistance R of 9.4 Ω. The efficiency of the set is ηassy ≤ 0.18, which leads to a required

torque at the motor of 1.4 Nmm. The power dissipation Pdiss by the current I through

the coil with resistance R can be estimated with

Pdiss = I2 ·R =

(
T

kt

)2

·R, (2.3)

which equals 0.28 W. As velocities during tracking are very low, the required torque

to accelerate the nut and the back-electromagnetic force (back-EMF) are neglected.

The power dissipation due to the friction Pdiss,friction between the nut and the spindle

can be determined with
Pdiss,friction = Tfriction · ω,

with Tfriction =
F · p

2π · (1− η)
,

(2.4)

and ω the rotational velocity in rad/s. During tracking, this dissipation amounts to

1.6 mW at an operational load of -900 N, and is thus negligible. During slewing, the

dissipation Pdiss,friction at the nut increases to 0.33 W.

Identical to PACT γ, the nut (5) of PACT β is connected to a support cone (6),

which forms the connection between the CS actuator and the off-loading springs (7).

The load is carried by two off-loading springs that are placed in parallel with the VCA

(8), which is of the moving coil type. The two off-loading springs (7) are machined

from aluminium and have clockwise and anti-clockwise coils, to avoid rotation of the

actuator output shaft when the off-loading springs are compressed. The combined axial

stiffness of the two machined springs in parallel is approximately 225 N/mm. To con-

strain the rotation around driving direction and to guide the FS, a lateral support (9) is

designed, which is made of TiAl6V4. The metrology system consists of an incremental

optical linear encoder with nanometre resolution, satisfying the Abbe criterion, with

the linear scale (10) connected to the fine stage. The position sensor (11) is connected

to the housing (12) via a tripod. To determine the position of PACT without having to

search for the central reference mark of the encoder scale, two inductive limit switches

(13) are applied: one determines whether PACT is within range, while the other sensor

determines whether PACT is above or below its mid-position. Aluminium has been

selected as baseline material for PACT.

A proper straightguide for both the coarse stage and the fine stage is absent.
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The CS is connected to the PACT-housing (12) via the CS actuator and the FS is con-

nected to the PACT-housing via the lateral support (9). The lateral support fixates the

x, y and θ degree of freedom (DOF), and if the motor connection is seen as a spherical

joint, 6 DOF would be fixated when the bodies in-between are assumed rigid. However,

some internal degrees of freedom are present. The limited lateral stiffness of the motor

shaft and spindle, as well as the off-loading springs, can result in rotation in φ and

ψ. This can result in internal (rotation) modes that will be most likely visible on the

frequency response function (FRF) as the linear encoder scale translates, depending

on the distance from the point of rotation. Moreover, the lateral support (folded plate

springs) acts as a linear guide for the linear encoder scale, but it only guides one point,

while for nanometre accuracy, the whole linear encoder should be linearly guided. A so-

lution would be to design a linear guidance for both the coarse stage and the fine stage.

Some advantages of PACT β and γ design are listed below. PACT α is not included

in the assessment, since it utilises a stepper motor.

� The FS guidance is fully elastic, minimising friction and hysteresis.

� The linear optical encoder satisfies the Abbe criterion, while being placed close

to the output (the point of interest).

� The dynamics are (nearly) constant over the stroke [96], which indicates minimum

stiffness variation over the full stroke.

However, improvements on the current design are possible:

� The connection between the motor shaft and the spindle is overdetermined.

� The folded plate springs of the lateral support having a radius instead of a sharp

edge in the bent parts, which results in a decreased lateral stiffness. Moreover,

since the thickness of the folded plate springs is only 0.254 mm, the lateral stiff-

ness will decrease significantly over the stroke of ±7.5 mm [25]. Furthermore,

this lateral support is fixated after aligning the optical linear encoder, making

alignment difficult.

� The off-loading springs are designed with the idea to act as a semi-straightguide

for the FS. Although the lateral (x and y), as well as the rotation around the

driving direction (θ) are constrained, the tip (φ) and tilt (ψ) stiffness are low.

� The clearance between parts is small, hampering assembly.

� Depending on the position of the coarse stage and the rotation angle of PACT, the

direction of the force vector can rotate 180°. Because the nut is not preloaded on

the spindle, the resulting play could have an effect on the performance of PACT.
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Figure 2.5: Schematic representation of PACT in its test-setup [96].

2.2 Dynamic analysis

This section deals with the dynamic analysis of the previous prototypes. First, a 1D

model of PACT in its test-setup is compared with measurements. Next, a 3D CAD

model is implemented in a FEA model and a modal analysis is carried out. With the

information of the modal analysis, eigenfrequencies and eigenmodes are available. By

defining the inputs and outputs, a modal state space description is obtained, being able

to simulate the dynamics to compare with the measurements. By varying the input

(e.g., asymmetric forces), output (e.g., different readout positions), and assembly toler-

ances (e.g., misalignment of parts), the parasitic dynamics arise. Separating the input

and output gives valuable information and a systematic way to search for components

of influence.

2.2.1 1D model

Witvoet [96] describes the derivation of a mathematical model for PACT in its test-

setup using Lagrange’s method. The frequency response function shows that there is

a good agreement between the model and the measurements. The schematic represen-

tation of PACT in its test-setup is depicted in Fig. 2.5.

The model consists of three masses, moving in line with each other, with mp the mass

of the moving (voice-coil actuated) part of PACT, mt the mass of the test-mass (90 kg)

and mf the mass of the frame including the non-moving part of PACT. These masses

are connected to each other via three springs. Stiffness cp is the stiffness of the internal

PACT springs, ct the stiffness of the plate springs of the test-mass and cs the stiffness
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Figure 2.6: Comparison of the FRF from VCA to encoder of a PACT β measurement (red) and the

1D model (blue), both at an angle ψ of 60°.

of the strut between PACT and the test-mass. The stiffness c is the stiffness of the

pendulum of the test-setup with corresponding angle φ. The orientation angle of PACT

is denoted as ψ and the force F (input) acts between the moving mass mp and the

frame mf , where also the position readout (output) occurs.

The frequency response of a PACT β measurement and the model at an angle ψ of

60° is depicted in Fig. 2.6. The first two resonances and the first anti-resonance of

the model depend on the test-setup and the angle ψ of PACT. The second resonance

(around 10 Hz) is a mode with a combined movement of mp and mt with respect to mf

around the combined stiffness of cp and ct. The second anti-resonance (around 67 Hz)

corresponds to the situation where the test-mass is moving while PACT is standing

still (decoupling around cs). Its frequency changes only slightly with ψ. The third res-

onance (around 446 Hz) is the mode with a movement of PACT relative to the frame

and the test-mass, around the strut cs. It is mostly determined by cp and cs and thus

hardly changes with ψ.

With the 1D model, the basic behaviour of PACT can be described, where the effect

of the test-setup and the angle ψ is taken into account. However, the 1D model cannot

give information about the parasitic dynamics between 120 Hz and 240 Hz.

From a control point-of-view, a higher performance can be obtained if the anti-resonance

around 67 Hz and/or the resonance around 446 Hz is shifted towards a higher fre-

quency. This can be obtained by increasing the strut stiffness cs, which will increase

both frequencies, by decreasing the test-mass, which will increase the anti-resonance
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Figure 2.7: Left: open-loop frequency response L(jω) = H(jω) ·C(jω) of the PACT 1D model at 30°

with realistic phase delay. The controller is a PIID + 2nd-order low-pass filter. Right:

Nyquist plot. The bandwidth is 94 Hz.

frequency, or by decreasing the moving mass mp of PACT, which will increase the

resonance frequency. The strut stiffness cs depends on the stiffness of the whiffle-tree

support structure and the test-mass mt is one-third of the segment assembly mass,

which are assumed given. The moving mass mp is already relatively small and can

hardly be reduced. With the choice of this concept, the basic dynamic behaviour of

PACT is fixed.

With a low-order PIID + 2nd-order low-pass controller, a bandwidth around 90 Hz

can be obtained. Fig. 2.7 shows the open-loop L(jω) = H(jω) ·C(jω) and the Nyquist

plot of a controlled system of the 1D model at 30°. A realistic delay due to sampling

is added. The bandwidth is 94 Hz with a modulus margin of 6 dB, a phase margin of

37° and a gain margin of 9 dB [81]. The bandwidth limiting resonance is the resonance

at 446 Hz, which also makes sense from a physical point-of-view: at that frequency the

moving mass mp decouples from the test-mass mt. The control settings are summarised

in Table 2.1.

2.2.2 3D FEA model

To investigate the parasitic dynamics, the detailed CAD model of PACT γ is simplified

by deleting non-functional parts like the electronics, bolts, washers, and nuts. The CAD

model consists of the PACT γ design with the aluminium strut as used in the test-setup

and a cylindrical block that represents the test-mass. The model of PACT γ is used as

input for a 3D FEA model in ANSYS Workbench 15.0. Some assumptions are listed

below.

� The motor, for example, is assumed as one body. Therefore, only one material is
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Table 2.1: PIID + 2nd-order low-pass controller.

Filter Value

Gain 8000 [-]

Integrator zero: 1 Hz

Integrator zero: 1 Hz

Lead-lag zero: 20 Hz

pole: 170 Hz

Low-pass 2nd-order poles: 67 Hz

damping: 0.003 [-]

assigned to it, which is homogeneously distributed. However, in reality, the motor

consists of several materials with their own (stiffness) properties. Furthermore,

axial and radial bearings are located inside the motor that define an axial stiffness

and lateral stiffness, depending on the preload, respectively.

� In reality, connections with bolts, nuts, and washers should be taken into ac-

count with their pre-loads and stresses. In the simplified CAD model, contacts

between surfaces are generated, which typically result in higher stiffness results.

Moreover, play between the spindle and the nut is not taken into account, and

contact is assumed evenly distributed over the full surface. Furthermore, the

minor diameter of the spindle thread is taken to not overestimate its stiffness.

In Fig. 2.8, the mesh of the 3D CAD model of PACT γ is shown. The mesh is auto-

matically generated, with some refinement on the thinner parts of the model, resulting

in a total of 274.269 elements. The default ANSYS mesh elements are SOLID186 and

SOLID187, which are TET10 and HEX20 quadratical elements, respectively. More-

over, the flexures of the lateral support are modelled with shell elements. Therefore,

the initial mesh is assumed to be sufficiently accurate in bending behaviour.

For the initial FEA, three boundary conditions are applied, as can be seen in Fig. 2.9.

The contact with the ‘fixed world’ is modelled with two fixed supports (A and B),

while the guidance of the test-mass is modelled with a remote displacement (C), where

the test-mass is free in z-direction only. This is a simplification of reality, where four

bolts provide a pre-load on the housing of PACT, resulting in two pre-loaded contacts

A to the fixed world, constraining the x, ψ and θ-DOF. Two dowel pins, a hole, and a

slot (B) constrain the PACT-housing in the other directions (y, z, and φ).

In reality, the test-mass is guided by two plate springs, having parasitic motion in

x-direction. This effect is not taken into account, as the connecting strut, which is

compliant in lateral direction, negates this influence.
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Figure 2.8: Mesh of 3D CAD model of PACT γ. Zoomed in: number of elements over the thickness

of the strut (top) and lateral support modelled with shell elements (bottom).

2.2.3 Modal analysis

A modal analysis is carried out where the first 40 eigenmodes have been calculated.

Eigenfrequencies of several modes are listed in Table 2.2. Mode 1 (8 Hz) is comparable

with the mode of the 1D model where a combined movement of mp and mt with respect

to mf can be seen around the combined stiffness of cp and ct (13 Hz), while mode 9

(447 Hz) is comparable with the mode where the moving part of PACT moves relative

to the frame and the test-mass (446 Hz). As the test-setup is not a part of the FEA

model, the first resonance and anti-resonance are not present.

Looking at the eigenfrequencies and eigenmodes, the tip and tilt modes around 160 Hz

and 290 Hz, which are depicted in Fig. 2.10, are most likely the reason why the para-

sitic dynamics (around 130 Hz and 230 Hz) pop up in the measurements. The reason

why these modes are suspect number one, is that at these modes, especially with the

tilt modes (mode 3 and 6), the linear encoder scale moves away from the position sen-

sor, which results in a ∆z in sensor readout. Moreover, during the mechanical design

assessment in Section 2.1, it was already found that a proper straightguide is missing,

which made rotation modes suspect number one with respect to the parasitic modes
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Figure 2.9: Boundary conditions applied to the FEA model of PACT γ. Two fixed supports, at the

position of contact with the ‘fixed world’ (A and B), and a remote displacement (C),

where the test-mass is free in z-direction only (straightguide).

Table 2.2: Several eigenfrequencies of the modal analysis of PACT γ.

Mode Frequency [Hz] Mode shape

1 8 piston (z)

2 161 tip (φ)

3 163 tilt (ψ)

4 202 clocking (θ)

5 281 2nd Tip (φ)

6 285 2nd Tilt (ψ)

7 353 slinky spring

8 378 slinky spring

9 447 2nd piston (z)
...

...
...

13 486 encoder tripod (y)
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(a) Mode 2 (161 Hz). (b) Mode 3 (163 Hz). (c) Mode 5 (281 Hz). (d) Mode 6 (285 Hz).

Figure 2.10: Tip and tilt modes of the FEA-based modal analysis of PACT γ.

in the FRF. With this modal analysis, this is validated. However, the next step is to

find out how these dynamics are being excited.

Note that when looking at eigenfrequency values, the frequencies of the parasitic dy-

namics are maximally 25% off, which is still considered reasonable regarding the as-

sumptions and simplifications that have been made.

2.2.4 Frequency response functions

Choice of input & output

For the analysis of the dynamic servo behaviour (the FRF from VCA to linear encoder),

the position of the coarse stage is assumed fixed, while the fine stage is actuated by the

voice coil actuator (VCA). A force will be generated in axial direction at the position

of the coil wires and magnetic-field, when current flows through the coil. Fig. 2.11

left shows a section view of the VCA, with the magnet on top (grey) and plane where

the centre of the force acts in the red dashed line. The surface that is chosen for the

magnet-assembly and coil is depicted in the middle and right figure, respectively.

The displacement is measured by a linear encoder, which acts as the output. The

definition of the output should be chosen carefully, depending on the properties and

working-principle of the sensor. A drawing of the linear encoder is depicted in Fig. 2.12.

The main pattern is clearly placed off-centre with respect to the readhead.

Notice that at the position of the readhead with respect to the scale in PACT, see

Fig. 2.13 left, the scale with its support (in grey) is placed off-centre from PACT (red

cross and dark-grey part of PACT), which result in a readout that is even more off-

centre than the position of the main pattern on the scale. The second figure from the

left gives the side view of the linear encoder with the measurement beam drawn in red.

When, for instance due to the excitement of a rotation mode the readhead translates
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Figure 2.11: Input selection: force acting on the voice coil actuator. Left: section view with mean force

plane (dashed red line), chosen force planes, and force vectors. Middle: magnet-assembly

with force plane in red. Right: coil with force plane in red.

MAIN PATTERN

DMARKER REGION

8.60

6.00

DIRECTION "A"

Figure 2.12: Output selection: linear encoder. Note the off-centre position of the main pattern.

and rotates with respect to the scale, the readhead will read a different z location,

which is perceived as a displacement in z. This is depicted in Fig. 2.13, second from

the right. To take this effect into account, four nodes are used to define the output: one

at the readout position at the scale (in x and z-direction), one where the readout-beam

exits the readhead (in x and z-direction) and two to define the rotation of the readhead

(in x-direction only). The rotation is determined with the information in x-direction

of the readhead and the length of the encoder readhead.

In reality, especially when talking about nanometres, the alignment of the readhead

with respect to the scale is crucial. Displacements in x could lead to readout errors in z,

e.g., due to interpolation issues (to get to a resolution of 1.22 nm, 14-bit interpolation

is required), while the model does not account for that. Furthermore, effects of how the

measurement beam comes back at the readhead can have an influence on the perceived

displacement. All these effects are not accounted for in this model. Experiments are

required to show the effects that need to be taken into account in the modelling phase.

Frequency response function of the baseline model

The eigenfrequencies and eigenmodes of the modal analysis have been exported from

ANSYS, and used in MATLAB to generate state space models. A state space descrip-

tion of the PACT γ FEA is generated. A modal damping of ζ = 0.003 is taken, since
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θ
z

x φy, ψ

Figure 2.13: Output selection: linear encoder. Left: top view of the scale, scale support (grey),

readhead and part of PACT. The scale and its support are placed off-centre from PACT,

which results in an off-centre readout. 2nd from the left: Side view of the linear encoder.

The measurement beam is included in red. 2nd from the right: the readhead is translated

and rotated with respect to the scale, which result in a ∆z readout. Right: the four nodes

that are used to define the input are shown, one node at the readout position of the scale,

one at the readout position of the readhead and two nodes to define the rotation of the

readhead.
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Figure 2.14: FRF from VCA to encoder of the PACT γ FEA-based model (a). This is the result of

the sum of the action-force path and the reaction-force path to the encoder scale and

readhead, respectively, using 40 modes. (b) zoomed in on the parasitic dynamics region.

high-precision systems are generally poorly damped. The input and output is chosen

as described in the previous subsection. This results in the frequency response func-

tion (FRF) as depicted in Fig. 2.14a. This frequency response function from VCA to

encoder is the result of the sum of the action-force path and the reaction-force path to

the encoder scale and readhead, respectively, using 40 modes. Fig. 2.14b is zoomed in

on the parasitic dynamics region. The parasitic dynamics are barely visible and in the

zoomed-in figure only relatively small peaks and phase lag can be seen. It is possible

that the parasitic dynamic peaks are present due to an asymmetrical mesh, which can

result in asymmetry in the actuation force and the readout.

This FRF is also compared with a measurement on PACT γ, as can be seen in Fig. 2.15.
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Figure 2.15: Comparison between the FRF of PACT γ at different coarse stage positions with an

angle of 0°(coloured), and the PACT γ FEA frequency response function (black). The

low-frequency dynamics of the test-setup are missing.

A realistic phase delay, which is caused by sampling in the measured FRFs, is added.

The stiffness at low frequencies (≤7 Hz) is almost the same, while the dynamic be-

haviour around 10 Hz is different because the test-setup is missing in the FEA of PACT

γ. Furthermore, the mass-line after the first resonance is lower (almost 6 dB, which is a

factor of two), and the anti-resonance is slightly shifted. Around the decoupling of the

test-mass on the strut-stiffness, three peaks can be found, which resemble the measure-

ment quite accurately. Furthermore, the modal damping is chosen too low. Overall,

the general behaviour of the FEA resembles the measurements fairly well. The shift in

mass-line and anti-resonance can be explained by the absence of the test-setup in the

FEA model. This is explained in Appendix B, by comparing simplified 1D models.

In conclusion, the parasitic dynamics are negligible in the FRF from VCA to encoder

based on the baseline FEA model. In the following subsection, it is investigated how

the parasitic dynamics can be excited.

Separating the effects of input and output on the dynamics

The frequency response is a summation of the contribution of the individual modes,

and the extent in which they contribute is determined by both the input and the

output [68]. To investigate whether the parasitic dynamics are not excited (input,

controllability) or whether they are not measured (output, observability), the input

and output are separated.

Let us consider the equation of motion

Mq̈ +Dq̇ +Kq = Qu,

y = Y q,
(2.5)
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where M is the mass matrix, D the damping matrix, K the stiffness matrix, Q the

input vector or matrix, Y the output vector or matrix, q the vector of generalised

coordinates, u the input, and y the output.

The eigenfrequencies ωi and eigenvectors (mode shapes) φi can be found by solving the

eigenvalue problem

KΦ = MΦΛ, (2.6)

where Λ is the undamped eigenfrequency matrix (ωi = Λi,i), and Φ a matrix of eigen-

vectors (φi = Φ:,i).

Rewriting the equation of motion to the modal form [30] results in

ΦTMΦη̈ + ΦTDΦη̇ + ΦTKΦη = ΦTQu,

y = Y Φη,
(2.7)

with q = Φη.

Normalised with respect to the modal mass matrix, this results in

η̈ + 2ZΛη̇ + Λ2η = Qmu,

y = Ymη,
(2.8)

with Z the modal damping matrix, Qm the modal input vector, and Ym the modal

output vector.

The modal input vector Qm is a vector which consists of the summation of the mode-

shape vector indices φi times the (scaled) input vector indices Qi, which is defined by

choosing the input. The result is the input contribution per mode, or in other words,

how much is a mode excited by a certain input choice. The modal output vector gives

the output contribution per mode, or in other words, is a mode being measured by a

certain output choice.

Note that (2.8) is a set of uncoupled equations, which, due to the diagonality of Λ and

Z, can be written as
η̈i + 2ζiωiη̇i + ω2

i ηi = qmiu

yi = ymiηi,

y =
∑n

i=1 yi,

(2.9)

where ωi, ζi, qmi and ymi represent the properties of the ith eigenmode. Furthermore,

yi is the system output due to the ith mode dynamics. Note that the response y is a

sum of modal responses yi (modal superposition [30, 68]).

The transfer function Gi of the ith eigenmode can be obtained from (2.9), and reads

Gi(ω) =
ymiqmi

ω2
i − ω2 + 2jζiωiω

. (2.10)

Note that total contribution of each mode depends on the multiplication of both the

modal input and the modal output, ymiqmi. Moreover, the frequency ω, the natural

frequency ωi, and the modal damping ζi determine the amplitude of the contribution.

In the remainder of this section, the focus will be laid on the effect of the modal input

and the model output.
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Table 2.3: qmi and ymi values in z-direction for the original PACT γ FEA.

Mode Frequency [Hz] qmi [-] qmi [-] ymiqmi [-]

1 8 1.0 1.0 1.0

2 161 −1.1 · 10−2 6.1 · 10−3 −6.9 · 10−5

3 163 −3.1 · 10−3 4.2 · 10−3 −1.3 · 10−5

4 202 2.6 · 10−2 2.8 · 10−2 7.3 · 10−4

5 281 −2.8 · 10−2 −1.3 · 10−1 3.6 · 10−3

6 285 −4.0 · 10−2 −9.5 · 10−2 3.8 · 10−3

7 353 2.8 2.8 8.0

8 378 2.0 1.9 3.8

9 447 -7.2 -7.2 51.8

In the baseline system, a pure force input in z-direction was considered, with an output

readout in z-direction at the centre. The qmi and ymi values in z-direction of the first

nine modes for this I/O combination are given in Table 2.3. The values are scaled with

respect to the first mode to increase readability. The primary interest goes to values at

mode 2, 3, 5 and 6, as these are the parasitic dynamics. It can be seen that the values of

these modes are low, while the values (and multiplication) of the clearly visible modes

(mode 1, 7, 8 and 9) are a couple of orders higher. This was to be expected, as the

former modes primarily have an excitation-component which is perpendicular to the

z-direction (see Fig. 2.10a to 2.10d). The conclusion can be drawn that the parasitic

modes (mode 2, 3, 5 and 6) are hardly excited with (symmetrical) forces in z-direction

and are also barely measured.

The information of Qm and Ym can be used to analyse the effect of the input and

output choice on a certain mode. By looking at the modeshape vector indices φi at

the positions where Q 6= 0, and sorting them by the x or y-coordinate of a mode,

the asymmetric force in z-direction that needs to be applied to make qmi as large as

possible can be found. The same rationale is valid for the modal output ymi. As an

example, the values of φi in z-direction of mode 2 and 3 that are sorted with respect

to the x-coordinate are depicted in Fig. 2.16.

From Fig. 2.16a can be found that if an asymmetric force in z-direction is introduced

with respect to the y-axis (so for instance -1 N for x < 0 mm, and 1 N for x > 0 mm),

mode 2 will be hardly excited as the summation of M−1
m ΦTQ will result in a value of

qmi of approximately zero, while mode 3 will be excited maximally: a negative value

of φi multiplied by a negative value of Qi for x < 0 mm results in a positive value,

and for x > 0 mm both values are positive. The summation of all the individual qmi,i
values results in a large value of qmi in z-direction. This can be repeated for the other

parasitic dynamics in the different directions.

Qm also provides information on the effect of lateral forces, which can be introduced
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Figure 2.16: Values of φi in z-direction are sorted with respect to the x-coordinate.

Table 2.4: qmi values in x, y, and z-direction for the modes of interest.

Mode Frequency [Hz] qmi in x [-] qmi in y [-] qmi in z [-] Ratio
qmi,x

qmi,z
[-]

2 163 -1.2 6.6 −1.1 · 10−2 100

3 165 6.6 1.0 −3.1 · 10−3 2100

5 288 2.0 -3.2 −2.8 · 10−2 70

6 294 -2.9 -2.0 −4.0 · 10−2 70

by tilts of the voice coil actuator. When looking at these directions (x and y), the

values of qmi for the modes of interest are given in Table 2.4. When looking at the

ratio
qmi,x

qmi,z
, notice that for mode 2, a force in x that is 100 times smaller than a force

in z will excite mode 2 just as much (about 1% force in x-direction). For mode 3 this

factor is even larger. In the same way, information on the effect of output definition

can be obtained.

In conclusion, the information of Qm and Ym can be used to analyse the effect of the

input and output choice on a certain mode, for instance on effects of input definition,

asymmetric inputs, effects of inputs in directions orthogonal to the main input (cross-

talk), and output definition. Quantitative information on the effect of loadcases can

be found in a systematic way. This knowledge is applied to define loadcases for a

worst-case dynamic analysis.

2.2.5 Worst-case analysis

The alignment of the strut connecting PACT to the test-mass in the experimental

setup appeared to be one of the reasons the parasitic dynamics became visible in the

measured FRFs. This loadcase, and other physically relevant loadcases, are defined

that can possibly influence the FRF at the parasitic dynamics region.

The first loadcase is the misalignment of the strut and thereby the test-mass, which in-
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Table 2.5: Loadcases of the worst-case simulation.

Physical effect Loadcase Varied parameter(s)

Shifted COG of test-mass Move strut ∆x = 0.5 mm

Off-centre encoder scale Move encoder scale ∆x & ∆y = 0.1 mm

Move encoder readhead ∆x & ∆y = −0.1 mm

Parasitic motion of test-mass Pre-stressed test-mass ∆x = 0.2 mm

Tilt of voice coil Lateral force component Fx,y = 0.04 · Ftot
Non-perfect voice coil Asymmetric force 0.20 · F1 + 0.22 · F2

(divided into quarters) +0.28 · F3 + 0.30 · F4

troduces a shift in centre of gravity (COG) of the test-mass. A misalignment of 0.5 mm

is expected to be a realistic maximum value, since no cylindrical fits are present at the

side of PACT.

The encoder and readhead misalignment during assembly, which is defined as the sec-

ond loadcase, is estimated to be smaller. However, due to the assembly steps that are

required after the alignment of the linear encoder, a misalignment of 0.1 mm is not

overly large. In the model this can be accomplished by moving the sensor away from

the COG.

The third loadcase is the effect of the parasitic motion of the test-mass due to its plate

spring guidance. The plate springs of a single parallelogram will deflect and shorten

during motion, resulting in a parasitic motion. The parasitic motion of the test-mass

perpendicular to the actuation direction can be estimated with

∆x =
3

5

z

L2
. (2.11)

With z the displacement in actuated direction of 7.5 mm and L the length of the plate

springs of 250 mm, this results in a displacement of approximately 0.2 mm.

The final two loadcases deal with an imperfect voice coil (asymmetric forces) and tilt of

the voice coil due to misalignments, and influence of (lateral) forces on the alignment

of the coil with respect to the magnet of the VCA. The maximum tilt of the voice coil

with respect to the field assembly is 40 mrad, which results in a lateral force of 4%,

which is implemented in both the x and y-direction (the fourth loadcase). For the fifth

loadcase, an asymmetric force is assumed, where the surface of the VCA (Fig. 2.11) is

split in four quarters.

The loadcases that are applied in a worst-case analysis are summarised in Table 2.5.

The frequency responses from VCA to the linear encoder of the baseline model and the

worst-case analysis are depicted in Fig. 2.17, where 40 modes are used. The parasitic

dynamics become visible, especially in the phase plot. The comparison between the

FRF measurement and the PACT γ worst-case analysis with realistic phase delay (due

to sampling) is depicted in Fig. 2.18.
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Figure 2.17: (a) FRF from VCA to linear encoder of the baseline model compared to the worst-case

model. (b) Zoomed in on the parasitic dynamics.
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Figure 2.18: Comparison of the measured FRFs (coloured) and the worst-case analysis FRF (black).

The behaviour in both magnitude and phase can be predicted reasonably well. The

values of the lateral and asymmetric force were chosen based on the analysis of the

modal input and output as discussed in Section 2.2.4. However, these forces have be-

come rather large and non-physically explainable before the parasitic dynamics became

comparable to the FRF measurement in the FEA-based simulation of the FRF.

While varying the loadcase parameters it is found that asymmetric and lateral forces

contribute most to the parasitic dynamics. However, it is still hard to predict how the

individual loadcases affect each other in the final worst-case FRF.

2.3 Lessons learned

The assumption that the parasitic dynamics arise due to a low rotation stiffness as a

consequence of the absence of a proper straightguide of both the fine and the coarse
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stage has been validated. To improve PACT performance, a redesign is proposed. This

redesign is described in Chapter 3. It is expected that in the redesigned PACT, the

eigenfrequencies of the rotational modes will shift to higher frequencies.

The conclusions that can be drawn from the dynamic analysis are summarised be-

low.

� A 1D model in the concept design phase can be crucial to assess the main be-

haviour of the design and the (control) limitations. From thereon, the first esti-

mates about performance can be made.

� From the 3D modal analysis of a simplified CAD model, rotational modes arise

as the prime candidates of the parasitic dynamics. When applying a 3D analysis,

it is recommended to be clear about the assumptions that are made with regard

to the boundary conditions, as this can be the reason why the result is not what

is expected.

� Care must be taken by defining the input and the outputs for simulating a FEA-

based FRF. Physical understanding of the input and output systems must be

available to make sound choices. Improvement on input location can be made

with respect to the position where the force is applied on the voice coil actu-

ator. Furthermore, some uncertainty about the correct output definition still

exists. Measurements on the linear encoder system in a dedicated test-setup are

recommended to determine the correct output definition.

� The modal values Qm and Ym can give valuable information about the effect of

input and output selection on the excitation of eigenmodes. These values mainly

indicate how well a mode is excited by a certain input (Qm) and how well it can

be observed by the sensor (Ym). The multiplications give the effect of a mode

on the frequency response, since the FRF is constructed from the summation of

individual modes. Moreover, the modal values Qm and Ym can be used to search

for components of influence in a systematic way.

� With the choice of physically relevant inputs, e.g. asymmetric and lateral forces,

the parasitic dynamics can be made visible in frequency response functions.

� The FRFs are primarily influenced by loadcases that deal with asymmetry and

cross-talk (with x and y-directions having the most effect). However, how the

contribution of individual loadcases add up to the total dynamic behaviour is still

not entirely understood and therefore hard to predict. Therefore, more research

is required. However, loadcases that are physically justifiable can be introduced

to excite parasitic dynamics, even early in the design phase.
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2.4 Concluding remarks

Based on measured frequency responses it was found that the dynamic behaviour of

the previous TNO prototypes could be improved upon, as parasitic dynamics degrade

the performance. To this end, the previously designed PACT prototypes are both me-

chanically and dynamically analysed. The focus of the dynamic analysis was put on

how physically relevant loadcases affect the dynamics, and a systematic way of finding

these influences by separating the modal inputs and the modal outputs.

Based on a mechanical assessment, design improvements are proposed. One particular

drawback is the absence of a proper linear guidance of the coarse stage and the fine

stage. Next, dynamic analyses have been carried out. 1D dynamic models effectively

predict the basic dynamic behaviour of the system, including the effects of the ex-

perimental setup, orientation dependency, and (control) possibilities and limitations.

A relatively straightforward 3D FEA modal analysis showed that the parasitic modes

consist of rotation modes. By looking at the frequency response from inputs (forces

on voice coil actuator) to outputs (linear encoder scale and readhead position), the

global dynamic behaviour is described. By applying several physically relevant load-

cases in a worst-case analysis, the parasitic dynamics have become visible to a large

extent. Separating the effects of the modal input (Qm) and the modal output (Ym)

has given valuable information in the definition of some of these loadcases. Especially

asymmetric forces and forces in the cross-talk directions (x and y in this case) have a

large influence on the excitation of the parasitic modes.

Recommendations and future work are described below.

With the dynamic analysis, it is verified that the parasitic dynamics are caused by

rotation modes. However, stiffness values of the simplified FEA model were gener-

ally too high, resulting in eigenfrequencies being estimated too high compared to FRF

measurements. Moreover, while varying the loadcase parameters it is found that asym-

metric and lateral forces contribute most to the parasitic dynamics, but it is still hard

to predict how the individual loadcases affect each other in the final worst-case FRF.

More extensive modelling will be required to fit the FEA-based FRF on the measured

FRFs. Moreover, the test-setup is influencing the dynamics, measured by the linear

encoder, especially the dynamics around 10 Hz.

To get better insight in how to define the output of PACT in the modelling phase, more

research is required. Preferably, experiments with a dedicated setup for the linear en-

coder should be conducted. The same applies to the input selection. The position

where the force acts has influence on the mode-excitation, therefore, more research

needs to be done to voice coil actuators, in particular the effect of tilts and the symme-

try of the forces. The magnitude of the lateral forces used in the worst-case analysis is

derived from the effects on separating the modal input and output.

The parasitic dynamics arise due to a low rotation stiffness as a consequence of the
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absence of a proper straightguide of both the fine and the coarse stage. Therefore,

a redesign of PACT is recommended. A simplified 3D CAD model with comparable

complexity as the simplified PACT γ model should be constructed, and the same anal-

yses should be done (including loadcases) to verify an improvement in performance. It

is expected that in the redesigned PACT, the eigenfrequencies of the rotational modes

will shift to higher frequencies.





Chapter 3

PACT redesign

In this chapter, the redesign of a cost-effective PACT that satisfies the requirements is

described. First, an overview of the design is shown, before several design considera-

tions are discussed. The selected concept for the redesign is shown and described. Next,

important components and the mechanical design of the position actuator are described

in more detail. Eventually, a prototype is shown. This chapter ends with a dynamic

analysis, comparing the redesign with the prototype as discussed in Chapter 2.

3.1 PACT Atlas

The final result of the redesign of PACT, referred to as PACT Atlas1 in the remainder

of this thesis, is depicted in Fig. 3.1. An exploded view of the design is shown in

Fig. 3.2. The design will be described in the following sections.

3.2 Redesign considerations

During the generation of different design concepts, the positive characteristics of the

previous actuators are taken into account, while the issues that were found during the

mechanical and dynamic analysis should be solved:

� according to the requirements, PACT should be supported axially,

� every moving stage should be straightguided, while at least the guidance of the

end-stage should be fully elastic, minimising friction and hysteresis,

� the lateral stiffness should be larger than 1.0 N/µm over the full stroke,

1In Greek mythology, Atlas was a Titan who was condemned by Zeus to eternally stand on the

Western edge of Gaia (the earth) holding Uranus (the sky) on his shoulders. Moreover, Atlas was the

Titan god of astronomy and navigation.



46 Chapter 3. PACT redesign

Figure 3.1: Design of PACT Atlas.

� the linear optical encoder should satisfy the Abbe criterion, being placed on-axis

and preferably, close to the output (the point of interest),

� the straightguide should be fixed before the alignment of the linear optical en-

coder,

� the overdetermined connections should be relieved, to maximise lifetime,

� the dynamics should be (nearly) constant over the stroke,

� PACT should be easy to (dis)assemble, with enough clearance between parts to

avoid contact during operation,

� No light is allowed to emit from PACT to prevent light pollution, and finally

� the cost of a PACT, based on 2394 actuators, plus spares, should be approxi-

mately e4.000. This includes, among others, the software development, testing

and qualification, and product management and assurance, of which about e1.000

is estimated for each PACT. The cost of the commercially available components,
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Figure 3.2: Exploded view of PACT Atlas.
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manufactured parts, electronics and software, and assembly must be lower than

e3.000. Cost is a driving factor.

To minimise production costs, machining-steps are reduced to a minimum. Therefore,

the use of wire EDM is minimised, while using turning, milling, and laser or water-jet

cutting, instead. Preferably, machining is done in a single step. Moreover, the cost of

the PACT assembly will be a balance between manufacturing costs and cost of assembly.

Other design considerations for the PACT design and for its (sub)components are

described in the following subsections.

3.2.1 Configuration

The previous TNO prototypes applied a dual-stage design. In aforementioned proto-

types, the coarse stage and the fine stage are placed in series. The disadvantage of a

serial actuator design, is that the stiffness of the coarse stage determines the stiffness

of the reference position of the fine stage. Whereas for a parallel design concept, the

coarse stage and fine stage use the same reference. Another disadvantage of the serial

design is that the length of several components becomes limiting quickly, due to the

stacking of components on top of each other. A parallel design, on the other hand,

requires more design volume in radial direction. However, an advantage of the serial

design is that a rotationally symmetric design is possible, which is beneficial for dy-

namic and thermal behaviour [33, 73, 77, 82].

Early in the concept design phase, a parallel actuator concept, such as applied by

Dumoulin [24], was considered but discontinued, as it was a challenge to place the fine

stage actuator on an off-axis position within the volume requirements. A single-stage

design, while simultaneously satisfying the required accuracy and positioning require-

ments, is considered infeasible.

In the redesign, a rotationally symmetric, serially stacked, dual-stage design has been

adopted.

3.2.2 Hard vs. soft PACT

In many precision applications that require high precision positioning over a long stroke,

a dual-stage concept is adopted, starting with [61]. This combines a coarse stage (long

stroke) with a fine stage (short stroke), in which the fine stage requires nanometre

positing accuracy in the presence of disturbances. Based on the actuator choice, as

well as the guidance system, these systems can be categorised by its connection stiffness

between the stator and the moving part of the fine stage: zero-stiffness, low-stiffness,

and high-stiffness systems [39].

Zero-stiffness systems have no physical connection between the stator and the moving

part of the fine stage, which can be realised with for instance Lorentz actuators.
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Since the transmissibility from stator displacement to moving body displacement is

zero, these actuators have excellent disturbance suppression. However, a guidance

with negligible friction and stiffness in driving direction is required (e.g., an air-bearing

guided stage or a magnetically levitated stage), which often increases the cost and com-

plexity of the system.

For a low-stiffness system, denoted as a ‘soft’ actuator in this thesis, the stator and

the moving part are mechanically connected, although with a low stiffness (in driv-

ing direction). This low stiffness results in a low (first) eigenfrequency, above which

disturbances from the stator are suppressed. The transmissibiliy above the first eigen-

frequency decreases with a minus-two slope (when low damping is present) [78]. Re-

maining vibrations and other external disturbances can be actively rejected by feedback

control.

High-stiffness systems, as the name suggests, have a high stiffness connection between

the stator and the moving part and are denoted as ‘hard’ actuators in this thesis. An

example of a high-stiffness system is the application of a piezoelectric actuator between

the coarse stage and the fine stage. Due to the high stiffness of piezoelectric actua-

tors, fast positioning systems with high actuation forces can be realised. Furthermore,

piezoelectric actuators can have sub-nanometre resolution. While this high stiffness

contributes to high disturbance rejection against disturbance forces acting on the mov-

ing part (i.e., the fine stage), the transmission of vibrations from the support (i.e., the

coarse stage) are relatively high, which makes this actuator less suited for applications

where disturbances from the environment should be avoided (e.g., when many actua-

tors are mounted on a common frame, such as in the ELT). The transmitted vibrations

can be actively suppressed by feedback control, in which the bandwidth is typically

limited by the first or second eigenfrequency of the positioning system. Another dis-

advantage of piezoelectric actuators is the limited actuation range, which is typically

0.1% of its length [37].

In the ELT, both hard actuator concepts and soft concepts are considered (Section 1.3).

The dominating disturbances on PACT are frame vibrations (acting on the stator) and

wind disturbances (acting on the moving part). As the former are not specified and

remain unknown at the time of writing, it is not possible to make a fair comparison

between the two concepts for the ELT. However, in a dual-stage concept, disturbances

induced by the coarse stage actuator, e.g., forces or vibrations, can affect the position-

ing performance of the fine stage. Therefore, a high-level comparison between ELT

PACT dynamics with a soft and a hard fine stage is described below, based on a 1D

model of [95].

In the 1D model, only the stiffness of the fine stage (FS) connection to the coarse stage

(CS) is varied. The soft FS has an axial stiffness cax,soft of 3.0 · 105 N/m, while the

hard FS has an axial stiffness cax,hard of 3.0 · 107 N/m. For simplicity, it is assumed

that the hard concept is also driven by a voice coil actuator (VCA), and thus force

driven. Results should be similarly applicable to piezoelectric fine stages, which are
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Figure 3.3: Magnitude of open-loop FRFs for three different inputs (VCA force, motion of the tele-

scope frame, motion of the coarse stage) to three different outputs (linear encoder readout,

absolute position of PACT tip, absolute segment position), for both a soft actuator (blue)

and a hard actuator (green).

position controlled. The magnitude of open-loop transfer functions for three different

inputs (VCA force, motion of the telescope frame, and motion of the coarse stage) to

three different outputs (linear encoder readout, absolute position of the PACT output,

and absolute segment position), are depicted in Fig. 3.3.

Open-loop, the hard PACT has a stiff connection to the CS. Therefore, the transfer

from frame vibrations to linear encoder readout at low frequencies is lower than for

the soft concept. Moreover, the transmission from frame vibrations to absolute PACT

position at the tip is almost unity. Consequently, coarse stage motions are directly

transmitted to both the absolute PACT position and the linear encoder readout.

For both the soft and the hard concept, a controller is designed, although the con-

trol approach differs for each concept. The soft concept is controlled above the first

eigenfrequency of 9 Hz, with a lead-lag filter for creating phase margin, an integrator

for performance at low frequencies, and a low-pass filter for attenuation of dynam-

ics at high frequencies. The control bandwidth (BW) is placed at 30 Hz, with large

robustness-margins, so the BW can easily be improved. The hard concept, on the

other hand, is controlled below the first eigenfrequency of 54 Hz. Also an integrator

is applied for performance (and phase), a low-pass filter for high-frequent attenuation,

and a notch with negative damping of the zeros to actively damp de resonance [79]. A

20 Hz bandwidth is obtained, although with less impressive robustness-margins, and

difficult to improve in BW.

The closed-loop FRFs are depicted in Fig. 3.4. Note that a hard PACT has much

larger transmissibilities from coarse stage to any output, i.e., coarse stage motions are
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Figure 3.4: Magnitude of closed-loop FRFs for three different inputs (voice coil, motion of the telescope

frame, motion of the coarse stage) to four different outputs (error on linear encoder,

absolute position of PACT tip, absolute segment position, VCA force), for both a soft

actuator (blue) and a hard actuator (green).

directly transmitted to an error on the linear encoder, PACT tip position, and seg-

ment position, whereas the soft PACT is relatively insensitive to these disturbances.

Moreover, a hard PACT requires larger actuator forces, which results in a higher power

dissipation during operation.

Note that for rejection of wind disturbances, there is no difference between a hard

concept and a soft actuator concept, as wind introduces a pure force disturbance.

This analysis has proven that the positioning accuracy and the smoothness of the

coarse stage actuator has a major influence on the positioning performance of PACT

as a whole. Therefore, a soft actuator is chosen as baseline concept for the ELT PACT,

since frame vibrations are better rejected, and the motion quality of the coarse stage

actuator is less critical than for a hard actuator, possibly resulting in a less-costly coarse

stage actuator system while still being able to meet the performance requirements.

3.2.3 Position sensor

According to the positioning accuracy requirements, the elongation of the output in-

terface with respect to its bottom interface should be measured. Therefore, an optical

linear encoder with nanometre resolution is applied. An incremental encoder will suf-

fice, as the absolute position is of less importance. The price of an incremental encoder

is generally lower than the price of an absolute encoder. Preferably, the optical encoder

has a small footprint and is low-cost.
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Sensor alignment

The optical encoder should ideally be placed close to the output (the point of interest)

and outside the stiffness loop, while satisfying the Abbe criterion to minimise measure-

ment errors. The thermal length, defined as the ‘unmeasured’ length from the point of

measurement to the point of interest, is minimised by placing the sensor close to the

output. Material selection and fixation of the encoder scale is considered to minimise

thermal effects. Furthermore, alignment of the the encoder system should be possible

after fixation of the straightguide. Alignment mechanisms with limited design space are

applied in the past, such as an elastic alignment mechanism manufactured with wire

EDM [89]. Applying three disc-spring-preloaded stud bolts to adjust three DOF [90],

or applying push-pull screws [35], can both function as alternatives. Alternatively, the

encoder can be aligned manually, which can be a time-consuming process, increasing

the cost of assembly. However, designing a single (external) tool to aid in the alignment

of every PACT is the most cost-effective solution.

Power dissipation

The power dissipation of the encoder readhead and interpolation electronics should at

least satisfy the maximum power dissipation requirements during tracking of 1.0 W,

but preferably be as low as possible. Experience with previous optical linear encoders

show that the typical power dissipation of a linear encoder system is just below 1.0 W,

consuming almost all of the power dissipation budget.

Limit switches

In the previous TNO prototypes, two inductive sensors that act as limit switches are

applied: one sensor determines whether PACT is within range, while the other sensor

determines whether PACT is above or below its mid-position. This minimises the time

to home PACT using an incremental encoder. This functionality could be incorporated

into the optical linear encoder, for instance by applying two different colours on the

encoder scale, one above and one below the mid-position, ending at the end-strokes.

Other cost-effective solutions are (smart-phone) proximity sensors, or mechanical micro

switches. The latter can only be applied to determine the end-stroke positions.

3.2.4 Fine stage actuator

In a soft dual-stage concept, the fine stage (FS) actuator ideally transfers force instead

of displacement, is free of friction or hysteresis, has intrinsic zero-stiffness to minimise

the transfer of disturbances from the environment, and has a linear behaviour. Only a

short operational stroke is required in conjunction with a relatively low force-generation

capability.
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Electromagnetic actuators

Electromagnetic actuators convert electric energy into mechanical energy and are ap-

plied in numerous precision applications. Electromagnetic actuators can be categorised

based on the electromagnetic mechanism used to generate force [60]. In general, three

types of electromagnetic principles are applied in electromagnetic actuators: Lorentz

force, induction force, and reluctance force. Only actuators based on Lorentz and re-

luctance force are considered.

With both actuator types, a high bandwidth response without cogging can be achieved.

A Lorentz-actuator applies force and has no inherent stiffness. The stiffness of a Lorentz

actuator will be created with feedback control. The positioning resolution and stiffness

is determined by the quality of the amplifier, the control-loop and the position sensor.

Moreover, a Lorentz actuator shows a (near-)linear relation between force and current,

with the motor constant showing only a small dependence on, for instance, position

and temperature. The disadvantage of a Lorentz actuator is the relatively low force

density and steepness, resulting in relatively large actuators or high power dissipation

and accompanying heat generation.

A significantly higher force density and steepness can be achieved by reluctance actu-

ators. However, these actuators suffer from non-linear behaviour. A more extensive

comparison of Lorentz and reluctance actuators can be can be found in [91].

Advancements in reducing parasitic effects in reluctance actuators have been made, but

require a more complex and more expensive sensor and/or software system. Tradition-

ally, there are two methods of controlling a reluctance actuator [41]: flux control, which

makes the force gap-independent, or current control, which makes the force strongly

gap-dependent. The former method is relatively simple and requires little software

compensation effort but the final negative stiffness is only reduced with a factor of 4
5
,

while the latter reduces the negative stiffness significantly, at the cost of more compli-

cated software compensation effort. Hence, a Lorentz based actuator is applied in the

redesign.

Lorentz actuator

A weight compensation mechanism is required to satisfy the power dissipation require-

ment, also see Section 3.2.6. In a dual-stage configuration, with a weight compensation

mechanism placed in parallel with the FS actuator, only a small stroke and force are

required for the FS actuator. With cost being a limiting factor, an electromagnetic

actuator based on the Lorentz-principle is selected. The actuator should drive in line

with the centre of gravity and the centre of stiffness.

A single voice coil actuator (VCA) has been utilised. A VCA is axisymmetric around

the driving direction. As alternative, an ironless linear actuator could be applied.

However, to maintain symmetry around the driving direction, a minimum of two, but

typically three linear actuators would be required, which increases costs.
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Mounting considerations

It is possible to mount the coil assembly to the fine stage (FS) or the to coarse stage

(CS). To minimise the moving mass, the coil assembly should be mounted to the FS,

although one could argue that with respect to the moving mass of approximately 90 kg,

the added mass is negligible. However, for the (rotation) dynamics of the FS stage, a

lower mass moment of inertia is beneficial. A downside of mounting the coil assembly

to the FS is that the heat dissipation will primarily take place at the coil. For that it

would be more beneficial to place the coil on the CS to minimise the heat dissipation

towards the encoder scale. Furthermore, it is preferred to prevent the motion of the

electrical wires to improve lifetime. However, because the difference in motion between

the FS and CS is in the order of micrometres, the difference on lifetime is assumed to

be negligible.

In the redesign, the coil of the VCA is connected to the FS to minimise the moving

mass.

3.2.5 Coarse stage actuator

The function of the coarse stage (CS) actuator is to position PACT within micrometre

repeatability over the required stroke. Moreover, the stroke of the CS actuator is the

summation of required stroke, and the (potential) deflection of a weight compensation

mechanism. As the stiffness of the CS determines the stiffness of the reference position

of the FS, the stiffness of the CS actuator should be high. Furthermore, any play and

hysteresis in the CS influences the position accuracy of the FS, and should therefore

be minimised.

A large velocity range is required. Most of the time PACT will be tracking, during

which position accuracy requirements should be met, and only low velocities are re-

quired from the CS actuator. During slewing, accuracy requirements are less strict,

but power dissipation requirements should still be satisfied. Therefore, a reduction is

required. Depending on the costs, multiple smaller CS actuators can be considered as

an alternative to a single actuator.

Actuator selection

A stepper motor with a gearbox was considered in PACT α (see Section 1.3). The dis-

turbances introduced by stepping are limiting the position accuracy and are considered

unwanted. Moreover, the steps could excite higher harmonics further down the chain.

ILC can be applied but requires a control scheme that is considered too complex with

respect to the control requirements. A brushless DC-motor (BLDC-motor) or pancake

motor are alternatives with decent lifetimes, able to generate sufficient torque when a

reduction is applied, and have acceptable costs [19].
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BLDC-motor with spindle-nut combination

A spindle-nut combination with BLDC-motor is applied in both PACT β and γ (Sec-

tion 1.3), where the position accuracy requirements were satisfied. Therefore, in the

redesign, a spindle-nut combination is reconsidered. Spindle-nut combinations are a

frequently applied [82] and cost-effective solution. Different types of screws can be ap-

plied: a leadscrew, a (recirculating) ball screw, a roller screw, and a planetary screw.

The latter three have higher load bearing capabilities, and are not always self-locking.

However, lifetime could be an issue for all of them. Standard metal screws require

at least a full stroke once in a while to distribute the lubrication. Furthermore, re-

lubrication is most likely required during the lifetime. A ceramic spindle does not

require lubrication, but applying one would increase the cost of the system signifi-

cantly.

To minimise play between spindle and nut, is is recommended to preload the nut.

Two types of preloads can be applied: force-closed preload and form-closed preload.

The latter is often applied in commercially available screws, applying two nuts with a

spacer ring in between [82]. This requires tighter manufacturing tolerances on the nuts

and screws. Moreover, this leads to play and generally reduces lifetime as loads can

vary due to thermal expansion and manufacturing tolerances. It is preferred to use a

force-closed preload, for instance by applying a concertina [73] between two nuts.

Bearing arrangement

When a spindle-nut combination is chosen, a proper bearing arrangement should be

applied. Axial operational forces vary between 0 and -900 N, with survival loads

between 1800 and -2700 N, while maximum lateral loads at the output amount to

100 N. In view of the dimensions of a spindle and the required lifetime, a typical X-

configuration or O-configuration of the bearings is not obvious, as angular ball bearings

with the required load-bearing capabilities become large in size. While thrust ball

bearings have self-centring properties, the load-bearing capabilities of thrust (needle)

roller bearings make the latter a better choice. The spindle should be preloaded (force-

closed), with for instance a disc spring [73].

It is expected that the straightguide of the fine stage (FS) and/or the coarse stage (CS)

will take the majority of the lateral loading at the output, so a single radial bearing to

centre the spindle will suffice.

Even plain bearing material can be considered, as the rotation velocity is low. Low-

friction material should be utilised. At high contact pressure, a low friction coefficient

of µ < 0.1 is possible, although wear-rate becomes important [7].

Reduction

Multiple options for reductions are possible [33, 73, 82]. The commercially available

Harmonic Drive is considered too expensive, although large reductions are possible in

combination with minimal backlash and a long lifetime. A planetary gearbox, such as
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applied in the previous PACT prototypes, is a more cost-effective option. More com-

binations, of spur gears, planetary gear sets and worm gears are possible. Although

the latter generally have a low efficiency, play and high friction [73]. By applying the

largest reduction at the last reduction step, closest to the output, the influence (play)

of the other reduction steps at the output of the CS actuator will be minimised.

A differential screw, in which a small difference in thread pitch results in a reduc-

tion, is considered but not applied. First of all, an intermediate body is required that

makes a larger (vertical) stroke than the output screw. Since the design volume is

limited, this is a disadvantage. Furthermore, friction is present, which means that

relatively high power is required to drive a differential screw. To satisfy the power

dissipation requirements, a large (additional) reduction would be required.

Applying a wedge as reduction is also considered. In this solution, a small-sloped

wedge is applied to create a reduction from lateral movement to a movement in axial

direction. Applying (needle) rollers makes this an efficient reduction. However, the

wedge can only use half of the available diameter requirement for its lateral move-

ment, which reduces the maximum ratio to less than 1
10

. A second reduction would be

required to meet the requirements. Therefore, this solution is not applied.

3.2.6 Weight compensation mechanism

The gravitational load on the position actuators is a function of the telescope eleva-

tion angle. A drawback of a Lorentz actuator is that it requires constant power to

maintain a constant force, in this case to support the mass of the mirror segment in

non-horizontal position. This would require a large Lorentz actuator, and results in

high power dissipation. In order to satisfy the power dissipation requirements, a weight

compensation mechanism is implemented parallel to the Lorentz actuator, which can

reduce the force required from the actuator significantly. This results in the Lorentz

actuator only having to apply small forces to counter wind and vibration forces, as

well as position errors and disturbances induced by the coarse stage. Friction must be

minimised to avoid virtual play, which limits the position resolution of the FS.

Ideally, the weight compensation mechanism should have a low constant stiffness, a

compensation force that is a function of the telescope elevation, and zero deflection

with varying force. Only weight compensation concepts symmetric around the driving

direction are considered. In Fig. 3.5, four weight compensation concepts are shown.

Hydraulic solutions, although applied in Keck [58] (which is the reason for one actua-

tor failure a year), are considered infeasible. The chance of leakage in the presence of

optical elements makes this an unacceptable solution.

The choice of the weight compensation mechanism is a balance between stiffness and

stroke: an increased stiffness decreases the required stroke, but increases the required

force to actuate the FS. A displacement due to gravity load on the FS needs to be
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Figure 3.5: Weight compensation concepts: (a) mass balance with lever, (b) pneumatic, (c) magnetic,

(d) elastic.

compensated by the CS actuator to still be able to fulfil the stroke requirement. For

control, the decoupling frequency should be around 10 Hz or lower. With a moving

mass m of approximately 90 kg, this imposes in an upper bound on the weight com-

pensation stiffness of approximately 4.0 · 105 N/m. The required compensation force

varies between 0 and -900 N during operation.

Balance mass

The application of a balance mass can result in a solution with an almost negligible stiff-

ness [82]. To satisfy the mass requirement, a cantilever would be required (Fig. 3.5a).

Haendel [32] designed a position actuator for the TMT using a 1:4 cantilever with flex-

ural cross-spring hinge, using the mass of the electromagnetic actuator as the balance

mass. A design with a single actuator and a minimum open-loop stiffness in actuation

direction was proposed. However, the supported load was a factor of three lower, and

the required stroke was almost a factor of four lower [32]. Moreover, the design volume

was considerably larger (the cantilever itself had a length of 210 mm) [32]. Therefore,

this solution is considered infeasible for the ELT PACT, as it is not viable to to fit

such a concept within the design volume. A ratio of typically 1:15 would be required,

which would result in a moving mass of about 6 kg and a stroke of 225 mm for the

balance mass. Another disadvantage of this concept is that external disturbances will

be transferred through the (elastic) hinge to the mirror support, in both vertical and

horizontal directions.
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Pneumatics

Pneumatic offloading is an alternative solution [77] (Fig. 3.5b). An active pneumatic

solution requires air-supply to almost 2400 actuators, which is currently not in place

and is therefore not considered. However, Duijsens [23] designed a passive pneumatic

weight compensation using three stainless steel bellows. The pressure inside the bellows

varies between 3.5 and 6 bar, and only needs refilling once every 18 months (when the

segment is extracted for re-coating). This solution is rejected due to the cost of the

stainless steel bellows.

(Electro)magnetism

Another contactless offloading solution is the use of opposing permanent magnets

(Fig. 3.5c). Axially magnetised neodymium (NdFeB) ring or cylinder magnets that

have load bearing capabilities of 900 N or higher, weighing approximately 0.4 kg per

magnet, and have a reasonable price, are commercially available [43]. However, using

two magnets in opposing configuration, results in too large a stroke [43]. Furthermore,

the stiffness of opposing permanent magnets over their stroke is non-linear, which is

unwanted for control. Moreover, in the most simple configuration, lateral forces can

become relatively high. Other permanent magnet configurations, like a Hallbach array,

could be considered. Demagnetisation due to opposing magnetic filed is minimal in

neodymium magnets.

An alternative solution using (electro)magnetism would be a reluctance actuator, which

results in a higher force-density. The attraction forces can be controlled by control-

ling the magnetic field with permanent magnets and a coil. However, as described in

Section 3.4.3 this increases complexity and cost as additional sensors and a dedicated

control scheme are required. Furthermore, the power dissipation of controlling the

attracting force between 0 and -900 N would be too large.

Elastic deformation

A commonly applied offloading concept is by applying a weight compensation mech-

anism based on elastic deformation [73, 82, 87, 96] (Fig. 3.5d). One of the most

cost-efficient solutions using elastic deformation is the use of commercially available

(helical) springs. When PACT is in a horizontal position (no gravitational load is

present) both tensile and compressive forces could be applied to the FS. Therefore,

a tension-compression spring should be applied. As already described in Section 1.3,

commercially available helical springs have a few disadvantages. Rosielle [73] suggests a

helical spring with modified ends, which is applied by, for instance, Meijers [57]. In the

latter, the spring ends are glued to the springholder, but for lifetime considerations,

glueing is considered not an option. A connection method which minimises friction

and hysteresis should be found. As the rotation around the centreline of the spring

remains, this is not necessarily a trivial task. A minimum of three helical springs is

required to maintain symmetry, as mounting at the centre-line adds to the length of
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Figure 3.6: Elastic FS straightguide concepts: (a) six right-angled folded plate springs, (b) six sharp-

folded plate springs, (c) two diaphragm flexures (see Fig. D.1).

PACT, where room is sparse.

Furthermore, each compression spring could be supported on small axial ball bearings

(which are self-centring) or plain bearing rings, to make a rotation around the centre-

lines of the springs possible.

When applying machined springs, springs with multiple starts could be considered.

The advantage is that machined springs are made in one piece, with integrated (con-

nection) functions, and resolve internal moments in the spring when using multiple

starts [9]. While it is possible to design a machined spring with a relatively high lateral

(x, y) and clocking (θ) stiffness, it cannot be used as a straightguide, as the tip (φ)

and tilt (ψ) stiffness is relatively low.

Finally, it is possible to integrate the weight compensation function into an elastic

straightguide of the FS. This can be done by applying relatively thick plate springs,

diaphragms or membranes. For lifetime, the maximum bending stress during opera-

tion should stay below the fatigue stress of the material, and surface finish becomes

important [82].

3.2.7 Fine stage straightguide

To realise a defined motion of the Lorentz actuator and the position sensor, a straight-

guide for the FS is required. This straightguide should have a minimal stroke of 2.25

mm (assuming a weight compensation stiffness of 4.0 ·105 N/m), while minimising

parasitic motion and minimising friction and hysteresis. Repeatability of motion, and

linear stiffness (for control purposes) are also required. Therefore, a flexure-based

guidance is chosen for the FS. Flexure-based straightguides can be light and stiff [73].
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Plate-spring-type flexures are preferred over notch-hinge-type flexures, as the latter are

less suited for large amplitudes due to the inhomogeneous stress-distribution [73].

There are several implementations of flexure-based straightguides [33, 73, 77, 82].

The double Roberts straightguide [73] is a (quasi-static) elastic straightguide, but not

rotationally symmetric. A double parallelogram with 1:2 lever is applied in several

projects [32, 80, 92]. The latter two also apply stiffness compensation to minimise the

driving force to overcome the guidance stiffness. Cacace [16] compares the double par-

allelogram with two sets of three folded plate springs (right-angled). The preference of

applying a single VCA as Lorentz actuator in terms of cost and symmetry is in favour

of the six folded plate springs concept. In the latter, the rotation of the FS around

the driving axis becomes overdetermined. This over-constrained DOF can be resolved

by producing the guidance as a monolith. However, this probably requires wire EDM,

which is avoided as much as possible in the design of PACT. Still, in some cases it

is possible to manufacture folded plate springs by machining [83]. Another option to

relieve the overconstrained θ-DOF is by applying a flexural element (introducing an

internal DOF) [73].

In the concept with the folded plate springs (right-angled), shown in Fig. 3.6a, each

main plate spring deflects over the full stroke, while the short plate springs compen-

sate for the shorting of the main plate spring. In a double-parallelogram (not shown),

each plate spring only deflects by half of the stroke. This lowers the bending stress,

increasing the maximum permissible stroke and/or the lifetime of the elastic guidance.

A concept with six folded plate springs in which each plate spring deflects with only

half of the stroke is depicted in Fig. 3.6b, where two sets of three sharp-folded plate

springs [73] are utilised. In this configuration, another option to relieve the overde-

termined θ-DOF is by folding one of the two sets of plate springs inwards [73]. The

rotational stiffness around the centreline is reduced significantly, as the rotational stiff-

ness scales with the square of the radius.

Diaphragm flexures

With sheet metal and a minimum amount of processing, cost-effective flexural ele-

ments can be produced. When the stroke of a membrane flexure becomes larger than

half of the plate-thickness, the stiffness becomes non-linear [100]. Membrane flexures

are therefore not suited for application in the PACT design. However, by cutting

out plates, in which various patterns are possible [67], cost-effective diaphragm flex-

ures are created to be used as flexure-based straightguide (Fig. 3.6c). Spiral flexures

have been frequently applied in cryocooler design, where a high number of operating

cycles in combination with frictionless guidance is required, starting at Oxford Uni-

versity [12, 21, 93]. Wong [97] suggested tangential, three-legged, flexures. The latter

has several advantages over the former (such as a higher radial stiffness and lower op-

erational stresses), and were gradually adopted by the cryocooler-industry [48]. These

flexure guidances are generally created by clamping inner and outer rings to a shaft
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and thick-walled cylinder, respectively. In some designs, multiple flexures are stacked

and clamped. As every plate constrains three DOF, this leads to a design that becomes

more over-constrained with the addition of every flexure above a number of two, which

should be avoided. The use of diaphragm flexures results in a high in-plane stiffness,

which decreases over the stroke [97]. A disadvantage of all diaphragm flexures is the

parasitic rotation around the centreline (θ), due to the shortening of the plate springs.

During the concept design phase, the application of diaphragm flexures as straight-

guide with integrated weight compensation is investigated, which can be found in

Appendix C.2 and Appendix D.

Integrated into flexure-based straightguide

The axial (driving) stiffness of the flexure-based straightguide are defined by the plate

dimensions. Especially the plate thickness is of influence. It is possible to integrate

the weight compensation function into the flexure-based straghtguide of the FS, by

designing the axial stiffness to be the desired weight compensating stiffness. To ensure

that the realised axial stiffness is close to the designed axial stiffness, a tight tolerance

on the plate thickness is required.

3.2.8 Coarse stage straightguide

The CS needs to be straightguided with respect to the fixed world, over a stroke of

(at least) 15 mm. The lateral stiffness of the individual straightguide-components

should be sufficiently high such that it results in a lateral stiffness of the system at the

output of more than 1.0 · 106 N/m. For repeatable motion and a long lifetime, friction,

hysteresis and play should be minimised.

Plain bearings

The simplest and cheapest form of guidance can be achieved by applying plain bear-

ings. Plain bearings are applied in straightguides for high accuracy systems [45]. The

disadvantage of plain bearings is friction, hysteresis and increased play due to wear.

Lifetime, depending on surface pressure and contamination, can be short.

Rolling-contact bearings

With rolling-contact bearings, having a point-contact or line-contact, the friction and

wear is greatly reduced when the Hertzian stress [40] is kept within bounds and hard

materials are applied. A standard ball bushing, prevented from rotating in θ-direction,

is considered infeasible as the mass is too high (a standard Øo120 mm, Øi80 mm, and

L is 165 mm ball bushing weighs approximately 5 kg).

Other commercially available ball or roller bearing stages can be applied, as long as care

is taken to relieve the over-constrained DOF. Otherwise, long lifetime is not guaranteed.

An example of a rolling-contact straightguide, in which two times three cam rollers on
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Table 3.1: Mechanical properties of aluminium structural parts.

E ρ E/ρ σ0.2 α Anodising

·109 ·103 ·106 ·106 ·10−6 quality

Material [N/m2] [kg/m3] [N·m/kg] [N/m2] [m/m·K]

Al 5083 71 2.66 27.3 145 - 250a 23.8 +

Al 6061 69 2.70 25.5 55 - 275a 23.6 ++

Al 6082 70 2.70 25.9 150 - 250a 23.8 ++

Al 7075 71 2.81 25.5 100 - 500a 23.6 +/-
a Depends on temper.

a hardened flat steel track are applied, preloaded by a torsional flexure [73], is possible

(see Appendix C.2). Note that a full rotation of the steel cam rollers is required to

distribute the lubrication, for the cam rollers to not wear out prematurely.

Flexure-based straightguide

Straightguides based on elastic deformation, as described in Section 3.2.7 do not have

lifetime issues, as long as the bending stress stays below the fatigue stress for a given

number of cycles. Furthermore, the axial stiffness of a flexure-based straightguide is

(almost) constant over the stroke. However, the lateral stiffness decreases non-linearly

over the stroke [25]. The force on the CS increases linearly with the stroke, which

increases the load and preload requirements of the components.

A combination of a rolling contact and a flexure guidance is proposed by [34], which

results in a more constant lateral stiffness over the stroke.

3.2.9 Material selection

Aluminium is used as the baseline material for the structural parts in PACT. Alu-

minium alloys have the same specific stiffness (E/ρ) as steel, have good thermal prop-

erties, and are easy to machine in general. Furthermore, the corrosion resistance of

most aluminium alloys is sufficient. However, all aluminium parts are anodised to im-

prove corrosion resistance. Material properties of some common available aluminium

alloys are depicted in Table 3.1. Where possible, commonly available aluminium tubes

and plates are applied in the design.

Structural considerations

Some structural parts are made of steel, such as the end-cover. In the TNO design

of the M1 support structure, the end-cover of PACT will be clamped with a vacuum-

flange-style clamp to a hardened steel pen (AISI 4340, 36CrNiMo4). Therefore, the

end-cover should also be manufactured from a (corrosion) resistant hardened steel pen,
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Table 3.2: Mechanical properties of steel structural parts.

E ρ E/ρ α Corrosion Magnetic

·109 ·103 ·106 ·10−6 resistance

Material [N/m2] [kg/m3] [N·m/kg] [m/m·K]

AISI 304 193 8.0 24.1 17.3 + Noa

AISI 316 193 8.0 24.1 16.0 + Noa

AISI 420 200 7.8 25.6 11.0 + Yes

AISI 440C 200 7.8 25.6 10.2 +/- Yes

AISI 4340 205 7.9 25.9 12.3 +b Yes
a Cold-work can make this material slightly magnetic.
b Chrome-coated.

such as AISI 420 or AISI 440C bearing steel with a coating to increase corrosion resis-

tance. Other stainless steel parts can be produced in AISI 304 or AISI 316 stainless

steel. Standard A2-80 or A4-80 bolts, washers and nuts will be applied. The mechan-

ical properties of these steels are depicted in Table 3.2.

Ferromagnetic materials placed close to the Lorentz actuator can result in a position

dependent behaviour of the FS, and should be avoided.

Thermal considerations

The connection of the aluminium parts with stainless steel parts, stud bolts, bolts,

washers, and nuts, need to be considered, such as the effect of the difference in CTE on

bolt preload and lifetime. Furthermore, care must be taken with respect to mounting

the encoder scale. Optical linear encoder scales are generally available in stainless steel

tapes and glass scales. In PACT, only glass scales are considered. The encoder scales

that are most thermally stable are scales made of low thermal expansion glass, such

as Zerodur®. The latter are preferred to assure absolute accuracy over the operational

temperature range. However, most standard glass scales are made of soda-lime glass.

Difference in coefficient of thermal expansion (CTE) α between the encoder scale and its

mounting body should be considered, depending on the solution chosen for mounting.

Table 3.3 shows the material properties of the encoder scales and proposed materials

of the mounting bodies, with λ the coefficient of thermal conductivity, cp the specific

heat, α/λ the material’s sensitivity for gradients, λ/(ρcp) the thermal diffusivity (which

describes how fast a body adapts to a new environmental temperature), and λ/(αρcp)

the volumetric thermal stability, which also takes the amount of deformation into

account caused by a non-uniform temperature distribution.

Gradients in temperature in the order of 0.1° C/m are expected in the x and y-direction,

and 1.2° C/m in the z-direction. The temperature can vary over the operational range

during the night, and is controlled during the day. Therefore, a large difference in
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Table 3.3: Thermal properties encoder scale and mount.

ρ α λ cp λ/(ρcp) λ/(αρcp)

·103 ·10−6 ·102 ·10−6

Material [kg/m3] [m/m·K] [W/m·K] [J/kg·K] [m2/s] [m2·K/s]

Zerodur® 2.5 0.0 1.5 8.0 0.7 14.6

Glassa 2.5 8.0 1.0 7.2 0.6 0.1

INVAR 36 8.1 1.3 10.5 5.1 2.5 1.9

Titaniumb 4.5 8.6 16.4 5.2 7.0 0.8

AISI 304 8.0 17.3 16.2 5.0 4.1 4.4

Al 6082 2.7 23.8 180 8.8 76 3.2
a Soda-lime glass.
b Grade 2.

thermal diffusivity and volumetric thermal stability of materials is not expected to be

a problem.

Flexure-based guidance

For the design of the flexure-based guidance, the material must be cost-effective and

relatively easy to manufacture (e.g., with laser or water-jet cutting). An often used

criterion in flexure design is the strain at onset of plastic deformation σ0.2/E, which

determines the maximal stroke attainable. However, as the flexure-based guidance is

intended to go through a large number of cycles throughout a required lifetime of 30

years, the strain corresponding with the fatigue stress σfat/E is a better criterion [10].

Basically, to be ably to have a lifetime of 30 years with an estimation of 20 complete

cycles a night, and many more partial cycles, the fatigue stress corresponding to at

least 108 completely reversed cycles is chosen to provide a safety margin.

For dynamic performance, a high value of the ratio σfat/
√
E · ρ is preferred [25]. The

higher the ratio, the higher the eigenfrequency is that can be obtained for a given stroke,

or the larger the stroke that can be obtained for a given minimum eigenfrequency [16].

In Table 3.4, the above parameters are depicted for various materials.

Corrosion resistance

Finally, galvanic corrosion, due to a difference in electrode potentials of aluminium

alloy and stainless steal, is possible. For stainless steel in the 300 series, the potential

difference with aluminium is smallest. For the prototypes this is considered to be

sufficient. However, for the PACT production in series, polymer washers could be

considered in combination with stainless steel inserts (helicoils), and lubrication (for

instance ceramic-based) to minimise fretting [7].
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Table 3.4: Mechanical properties elastic guidance.

E ρ σ0.2 σafat σfat/E σfat/
√
E · ρ

·109 ·103 ·106 ·106 ·10−3

Material [N/m2] [kg/m3] [N/m2] [N/m2] [-] [m/s]

AISI 301b 193 8.03 1400 - 1800 500c 2.6 12.7

TiAl6Vd
4 113.8 4.43 880 350c 3.1 15.6

Al 2024-T6d 73.1 2.80 414 124 1.7 8.7

Al 7075-T6d 71.7 2.81 503 159 2.2 11.2
a ≥ 108 cycles completely reversed stress.
b Hasberg-Schneider, cold-rolled.
c Estimation based on Wöhler S-N curve.
d Matweb.com
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Figure 3.7: Redesign concept of PACT.

3.3 Redesign concept

Different concepts have been considered. The selected concept is depicted in Fig. 3.7.

Five alternative designs are described in Appendix C. Here, the final design will be

described.
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The concept is primarily built from standard aluminium plates and tubes. To min-

imise costs, most plates are machined from a single side. Furthermore, to ease assembly,

most parts, aligned by cylindrical fits, can be slid on stud bolts before fixating. All

aluminium parts are anodised to improve the corrosion resistance.

An optical linear encoder scale is mounted on the fine stage (FS) close to the output,

while satisfying the Abbe criterion, which minimises the thermal length and measure-

ment errors. The readhead of the linear encoder is mounted on the fixed world.

For the FS, a single voice coil actuator (VCA) is selected. The VCA is axisymmetric

around the driving direction.

Both the FS and coarse stage (CS) are straightguided with flexures. The FS is straight-

guided with respect to the CS by two sets of three sharp-folded plate springs placed

at 120°, whereby each set is placed at a different level. By increasing the distance

between the levels, the tip (φ) and tilt (ψ) stiffness increases quadratically. These six

folded plate springs provide a symmetrical design. However, the straightguide becomes

overdetermined in clocking (θ). This is relieved by lowering the rotation stiffness around

driving direction (θ) of an FS tube. Furthermore, the FS is straightguided with respect

to the fixed world by two other sets of folded plate springs, with a smaller thickness

to accommodate for the stroke. The combined axial stiffness of these thinner plate

springs is approximately 25 N/mm, which results in an additional force of 200 N on

the CS at end-stroke. To maximise the lateral stiffness at the output, the plate springs

at the top are mounted close to the output. The lateral stiffness at the output is simu-

lated with FEA to be 6.2 N/µm at mid-stroke. However, the lateral stiffness decreases

non-linearly over the stroke [25]. The lateral stiffness at end-stroke is estimated to be

2.3 N/µm at the output, which is higher than the required 1.0 N/µm.

The weight compensation function is integrated into the elastic straightguide of the

FS. A displacement due to the gravitational load on the FS is compensated by the

CS actuator. The axial stiffness of the flexure-based weight compensation mechanism

is designed to be approximately 330 N/mm, which results in a first eigenfrequency

around 10 Hz and a deflection of 3 mm at an operational load of -900 N. The second

and third eigenmode in neutral position are determined with FEA and can be found

around 365 Hz (φ) and 380 Hz (ψ), respectively.

The stainless steel elastic straightguides are dimensioned in such a way that the maxi-

mum bending stress during operation stays below the fatigue stress, to ensure a lifetime

of more than 30 years.

As CS actuator, a commercially available leadscrew drive is applied, with BLDC-motor,

a TR10x2 mm screw, integrated bearings, and a gear-ratio of approximately 1:1093,

which minimises costs and mitigates risk. Two cardanic hinges are applied to relieve

the over-constrained connection of the nut to the CS.
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Figure 3.8: Renishaw ATOM with glass encoder scale.

z

θ

x φy, ψ

θ

z

x, φ y ψ

Figure 3.9: Side view and back view of

the Renishaw ATOM.

3.4 Procured components

In this section, different procured components are described in more detail. The choice

for procured components over own design, is mainly because of cost reasons (cost for

the series of 2394 actuators, plus spares).

3.4.1 Position sensor

As a position sensor, a Renishaw ATOM linear optical encoder is applied (see Fig. 3.8).

This is a cost-effective encoder with a small encoder readhead (20.5 x 8.35 x 12.7 mm3).

The glass encoder scale has a 20 µm pitch, a resolution of 1.0 nm after interpolation,

an accuracy of ±5 µm/m at 20° C, and a reference mark at the centre. The smallest

encoder scale available is 15 mm in length. As the end-stops are placed at ±8 mm, an

encoder scale with a length of 30 mm is selected.

In the prototypes, a soda-lime glass scale with a coefficient of thermal expansion (CTE)

of about 8 µm/m·K is applied, as the scales with a near-zero CTE were not available.

For the final PACTs, it is recommended to use a near-zero CTE scale. More on design

for a short thermal loop can be found in Section 3.5.2.

The typical power dissipation of the readhead is ≤0.25 W, and an additional ≤0.5 W

is dissipated at the connector. Hence, a power dissipation of 0.75 W is assumed for the

linear optical encoder.

Alignment tolerances as specified by the manufacturer are ±0.5° in yaw (φ), ±1.0° in

pitch (ψ), and ±1.0° in roll (θ). The coordinate system is shown in Fig. 3.9. The

operating rideheight (distance in x-direction) should be 2.5 mm ±55 µm.
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3.4.2 Limit switches

Inductive sensors, almost similar to the previous TNO concepts, are applied in the

redesign, as the functionality of the two inductive limit switches could not be integrated

into the optical linear encoder functionality.

Two Baumer inductive sensors and a stainless steel target are applied as limit switches.

The concept of the limit switches is depicted in Fig. 3.10. The left inductive sensor

determines whether PACT is within the 15 mm range, while the right inductive sensor

determines whether PACT is above or below its mid-position. The latter speeds up the

homing at the reference mark of the optical encoder, but is not necessarily required.

The inductive sensors switch state when a target comes within the sensing range (see

Fig. 3.11). The sensing range is depending on the sensor and the target material. With

stainless steel AISI 304 as target material, a switching distance of about 75% of the

nominal sensing distance can be obtained [6]. Moreover, the smaller the diameter D of

the sensor, and the larger the nominal sensing range Sn, the less sensitive the system

becomes for fluctuations in x-direction, which is beneficial.

From experiments with the previous PACT prototypes is concluded that alignment in

sensing direction (x-direction) was a time-consuming task. In the redesign, inductive

sensors with a larger nominal sensing distance Sn are chosen. All three sensors have a

diameter D of 8 mm with a nominal sensing distance Sn of 2.0 mm, which results in

an assured sensing range S of 1.2 mm. This is a factor three larger than the assured

sensing distance of 0.4 mm of the previous prototypes.

The typical power dissipation of a single inductive sensor is 0.12 W.

Three different types of inductive sensors are applied in the prototypes, in each of the

three prototypes a different type is mounted. During measurements, the switching
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performance of the different types of limit switches is compared with each other.

3.4.3 Fine stage actuator

A single voice coil actuator (VCA) is chosen as fine stage (FS) actuator, as it is the

most cost-effective option, and readily commercially available. Furthermore, the VCA

is axisymmetric around the driving direction, which makes concentric placement with

the FS and CS possible.

With a deflection of the weight compensation of approximately 3 mm at operational

load, and a required operational stroke of the FS in the micrometre range, the required

maximum stroke of the VCA is in the order of 5 mm. Furthermore, since the VCA is

placed concentric with the FS and CS (where the diameter of the CS determines the

maximum length of the sharp-folded plate springs), and it is a serially stacked design,

a VCA with a limited length and diameter is selected.

An H2W moving coil VCA is applied, with a maximum outer diameter of Ø38 mm,

a stroke of 6.4 mm, and a length of 47.6 mm (fully-retracted). The coil assembly

is mounted to the FS. The moving mass of the coil assembly is 60 g, and of the

magnet assembly 240 g. The force constant kf is 11.9 N/A, with a resistance R of

3.75 Ω. The maximum force producing capability is 67 N. Based on measurements

with the old TNO prototypes, where the axial stiffness of the weight compensation was

approximately 225 N/mm and the generated force approximately 0.55 N RMS [96], the

generated force F in the redesign is estimated to be in the same order of magnitude.

This results in a power dissipation of about 12 mW RMS, calculated using

Pdiss,RMS =
3

2
·
(
F

kf

)2

·R. (3.1)

3.4.4 Coarse stage actuator

PACT Atlas utilises the same Maxon motor leadscrew drive as PACT β (trapezoidal

TR10x2 spindle with bronze nut, and a 1:1093 four-stage planetary gearbox), only the

BLDC-motor is upgraded to an EC45 flat 30W, 12V motor with Hall sensors. An

encoder with 512 lines is applied again, integrated into the BLDC-motor to minimise

length.

This leadscrew drive is selected based on the experience in PACT β, and the cost of

the assembly. The length of the leadscrew drive with integrated bearings, gearbox,

BLDC-motor and encoder, is 130 mm, which turned out to be a limiting factor in the

(serially stacked) design.

The maximum required torque is increased to approximately 1.1 Nm, since the max-

imum axial force is increased to -1100 N (load of -900 N and -200 N force of the

flexure-based guidance at the end-stroke), calculated with (2.1).

The Maxon EC45 flat 30W motor has a motor torque constant of kt = 25.5 Nmm/A,

and a resistance of R = 1.2 Ω. The efficiency of the set is η ≤ 0.21, which leads to
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Figure 3.12: Schematic of Maxon motor leadscrew drive bearing setup. Two radial bearings and two

(form-closed) axial roller bearings are integrated into the assembly.

a required torque at the motor of 1.5 Nmm. The power dissipation by the current I

through the coil with resistance R can be estimated by (2.3), and is reduced to less

than 5 mW at an operational load of -1100 N. Again, the required torque to accelerate

the nut and the effect of back-EMF is neglected.

The power dissipation due to friction between the spindle and the nut is calculated

with (2.4), and amounts to less than 2 mW during tracking, and approximately 0.4 W

during slewing.

The positioning error due to spindle wind-up at the end of the stroke is about 0.25 µm

with a load of -1100 N [7], which is the worst-case situation. Moreover, the service-life

of a power screw is determined with (2.2). With an average load Fm of -750 N, an

allowable wear rate hw of 10% of the thread pitch p
2
, a height H of 16.5 mm (nut),

flank width H1 of 1 mm, and a specific wear rate kw of 5 · 10−15 m2/N, the service-life

stroke S is estimated to be 7.1 km, which still satisfies the estimated covered distance

of 4.5 km during the lifetime of 30 years.

The lifetime of every tribology-based actuator over 30 years is questionable, even with

regular service-intervals. Therefore, accelerated lifetime tests are recommended.

The worst-case axial stiffness of the spindle at the top position is estimated with EA
L

,

resulting in an axial stiffness of cax = 4.0 · 108 N/m. As per Section 2.1, two radial

bearings and two (form-closed) axial roller bearings are integrated into the assembly.

The bearing-setup is schematically depicted in Fig. 3.12.

The dimensions of the axial roller bearings are estimated [55]. It is assumed that

standard axial roller bearings are applied. These needles have a diameter of 3.5 mm,

and a length of 5.5 mm. A maximum of nine rollers fit on the circumference. The

Hertzian contact stiffness can be estimated with Johnson [40]. Assuming a preload

of 1.8 kN, the load during operation varies between 1.8 kN and 2.9 kN. If the load is

assumed equally distributed over nine rollers, the Hertzian contact stiffness at each of

the nine rollers is at least 4.0 · 108 N/m. The stiffness of the thrust needle bearing is

9.0 · 108 N/m. Because of the limited stiffness of the motor-housing, the axial stiffness
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Figure 3.13: Structural loop (axial) - closed-loop. Figure 3.14: Structural loop (lateral).

of the leadscrew drive is estimated to be in the order of 2.0 · 108 N/m.

3.5 Mechanical design

In this section, the mechanical design will be described in more detail. First, the

structural loop and the measurement system will be described, before continuing with

details of several subsystems.

3.5.1 Structural loop

The structural loop can be defined as the assembly of mechanical components, which

provide physical support to maintain relative position between specified objects [77].

For PACT, this is the relative position between the supporting structure (telescope

structure) and the M1 Segment Assembly. The axial structural loop of the PACT

redesign in closed-loop is depicted in Fig. 3.13. The lateral stiffness loop is depicted in

Fig. 3.14. Only the dominant structural loops are shown in these figures.

Both the axial stiffness loop and the lateral stiffness loop are not completely rota-

tional symmetric, which is the result of the specified (bottom) interface. Moreover, an

FS tube is opened to provide space for the structural elements of the encoder readhead
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Figure 3.15: Schematic to determine the lateral stiffness clat,P at the output P , and the rotation

stiffness kψ.

to pass through, to avoid making contact over the full range of motion.

The open-loop axial stiffness depends on the axial stiffness of the weight-compensation,

which is approximately 330 N/mm. However, in the closed-loop situation, a control

stiffness will be generated. The stiffness of PACT in closed-loop is estimated with FEA

by connecting the VCA magnet assembly and coil. This results in an axial stiffness

cax,CL in closed-loop of 1.1 · 108 N/m, from top interface to bottom interface.

The lateral stiffness clat,P at the output P is a combination of the lateral stiffness of

the direct connection of the FS to the fixed world, and the connection of the FS via

the CS to the fixed world (Fig. 3.15, left). The assembly between the two cardanic

elements acts as a strut (Fig. 3.15, middle). The lower cardanic element has a rotation

stiffness kcardan,bottom of 130 Nm/rad, while the top cardanic element has a rotation

stiffness kcardan,top of 40 Nm/rad. The distance l between the cardanic elements is 71

mm. The replacement lateral stiffness can be determined with

c
′

lat,bottomcardan =
kcardan,bottom

l2
,

c
′

lat,topcardan =
kcardan,top

l2
,

1

clat,cardans
=

1

c
′
lat,topcardan

+
1

c
′
lat,bottomcardan

.

(3.2)

The lateral replacement stiffness clat,cardans is 6.0 ·103 N/m, which is four orders of mag-

nitude lower than the (in plane) lateral stiffness clat of the sharp-folded plate springs,
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being approximately 3.5 · 107 N/m and 1.5 · 107 N/m for the thick and the thin plate

springs, respectively. Therefore, the lateral stiffness at the output is determined by

the lateral stiffness of the thin sharp-folded plate springs (Fig. 3.15, right), and the

distances a and b. The lateral stiffness clat,P at the output P can be determined using

1

clat,P
=

1

clat,top

(
a+ b

b

)2

+
1

clat,bottom

(a
b

)2

,

and if clat = clat,top = clat,bottom, then

clat,P =
b2

(a+ b)2 + a2
· clat.

(3.3)

If both the replacement stiffness clat,top and clat,bottom are approximately the same, and

b > a, the term
(
a+b
b

)
becomes limiting for the lateral stiffness clat,P as perceived at

the output P . Therefore, it is preferred to minimise a, and maximise b. Moreover,

when the centre of gravity (COG) is assumed to be placed at b
2

from the bottom, the

rotation stiffness kψ can be determined with

kψ = 2 ·
(
b

2

)2

· clat. (3.4)

In the design, the distance a is 41 mm in neutral position, while the distance b is chosen

as 141.5 mm. This results in an analytically determined lateral stiffness clat,P at the

output P of 8.7 N/µm in neutral position.

While the axial stiffness of the elastic flexures remain almost constant over the stroke,

the lateral stiffness of a flexure decreases. According to van Eijk [25], the lateral

stiffness cy of a single plate spring over the stroke can be estimated with

cy =
E · w · t

l
·
{

1

2 (1 + ν) +
(
l
w

)2
+
(
u
t

)2 ·
(

1+ν
2

)
· 12 · C3

}
, (3.5)

with u the deflection, E the Young’s modulus (193 GPa), w the plate spring width, t

the plate spring thickness, ν Poisson’s ratio (0.24), and C3 a constant determined by

the ratio
(
l
w

)
. The latter is approximately 1

280
for the selected flexure-dimensions.

With plate spring thickness t of 0.4 mm, the lateral stiffness at a stroke of 7.5
2

mm is

calculated to be 37% of the initial lateral stiffness. Therefore, the lateral stiffness clat,P
at the output P at the end-stroke this is estimated as 3.2 N/µm. This results in a

rotation stiffness kψ of 1.5 ·105 Nm/rad.

With structural FEA, the lateral stiffness at the output is calculated to be 6.2 N/µm in

neutral position. At the end-stroke, the lateral stiffness is estimated to be 2.3 N/µm.

The distance b is chosen as a balance between high lateral stiffness at the output

clat,P , rotation stiffness kψ, and the available volume for electronics, connectors and

the cardanic hinge at the bottom.
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Figure 3.16: Measurement system.

3.5.2 Measurement system

The measurement system measures the vertical position of the fine stage relative to the

fixed world (Fig. 3.16). The position of interest is the relative position of the output-

interface with respect to the telescope structure. The linear optical encoder is placed

as close as possible to the output, while satisfying the Abbe criterion. The length

of the path between the measuring system and the end-cover (the output interface) is

minimised, to minimise deviations caused by operational forces and thermal influences,

while still having access to the measurement system for alignment before covering the

FS tube with the end-cover.

Metrology loop

The metrology loop is depicted in Fig. 3.17. The goal in metrology loop design is to

minimise the influences of the operational force on the metrology loop [14]. However,

the metrology loop partly coincides with the structural loop, as can be seen in Fig. 3.18.

The main influence is the bottom part, depicted in Fig. 3.16, from the plate where the

encoder tube (8) and the motor is connected to, down to the bottom interface. If

the connection between the VCA coil and magnet assembly is assumed rigid (closed-

loop), the movement of the encoder readhead measurement interface (3) in negative

x-direction under an operational load of -900 N is approximately 4.5 µm, which is

approximately 8% of the alignment budget. The influences of the other DOF of the
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Figure 3.17: Metrology loop (axial, blue solid

line). Both the unmeasured path

between the measuring system and

the end-cover and from the encoder

tube to the bottom interface are de-

picted in the blue dashed line.

Figure 3.18: The (axial) metrology loop (blue)

and (closed-loop) structural loop

(red) are partly coinciding.

encoder readhead (2) are negligible. Therefore, the influence of the operational load on

the encoder alignment is considered not to be a problem. Moreover, the movement in

negative z-direction of the encoder readhead is 2.4 µm under load, which directly influ-

ences the attainable absolute accuracy. However, the movement at the end-cover under

a load of -900 N will be -8.1 µm, resulting in an observed positive z-movement by the

linear encoder of 5.7 µm. The deformation under load of the ‘unmeasured’ output part

(see Fig. 3.19a) accounts for 1.6 µm of the deflection (axial stiffness cax of 5.7·108 N/m).

The encoder scale is bonded to a mounting body using adhesive (Fig. 3.19b). The

soda-lime glass scale as applied in the prototypes are provided with self-adhesive back-

ing tape. This backing tape is removed and adhesive drops are deposited at specific

locations determined with Wittgen’s approach [73], to provide a pre-stress against the

three stops of the mounting body, as well as constraining all DOF after curing.

Alignment of the optical linear encoder is done after the flexure-based straightguide

is fixated, before covering the FS tube with the end-cover. The encoder scale mount
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Figure 3.19: Measurement system.

(a) measured thermal length (blue) compared with actual thermal length (red).

(b) encoder scale assembly with position of adhesive drops determined by Wittgen’s

approach [73].

((5), in Fig. 3.16) is pressed against two dowel pins (7), constraining it in x and θ-

direction, before fixating the mount using two M3 bolts (6). The encoder scale mount

is provided with two clamping surfaces to determine its z, φ, and ψ-position. The

y-DOF is constrained by friction and can be adjusted manually before fixating the

two bolts. Manufacturing tolerances on the scale mount determine the flatness and

perpendicularity with respect to its mounting surface. The encoder readhead (2) is

mounted to a mount (3) with two M2 bolts, against two reference stops specified

by the manufacturer. The readhead mount (3) is mounted to an aluminium arm

(1), which in turn is fitted on top of an aluminium tube (8), the latter two being

fixated to a base plate using an M4 stud bolt. The z, φ and ψ-DOF of the encoder

readhead are determined through a chain of manufacturing tolerances, while the x and

θ alignment will be determined with a so-called 0.5 mm ‘feeler gauge’, as specified by

the manufacturer’s installation guide. Finally, the y-direction can be adjusted by hand

before fixating the readhead mount with a bolt and a stud bolt. Manually aligning the

linear optical encoder should be possible within 15 minutes.

For series production, it is more cost-effective to design an alignment tool to be applied

in the alignment process, than manufacturing a built-in alignment mechanism in every

PACT.

Thermal loop

A thermal loop can be defined as the path across a mechanical assembly that deter-

mines the relative position between positions of interest (POI) under changing tem-
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peratures [77]. With a short thermal loop, the influence of spatial thermal gradients

is minimised. Thermal expansions can be minimised by applying materials with low

coefficients of thermal expansion (CTE), or by adapting the effective length of compo-

nents with selected CTE, such as in [2, 59].

The majority of PACT consists of aluminium. Aluminium is a material with a high

thermal diffusivity and a low sensitivity for gradients. Therefore, internal stresses due

to thermal influences are minimised. Unequal thermal expansion rates in the ther-

mal loop are negligible, as most components have identical thermal time constants.

However, the CTE of aluminium alloys is relative large with 23.8 µm/m·K. Although

influences are expected to be negligible in radial direction, the length difference in axial

direction of the PACT output interface with respect to the telescope structure interface

is approximately 6.6 µm/K. It is assumed that the relative position of all M1 mirrors

with respect to each other is more important than the absolute position, as absolute

accuracy over the temperature range is not specified. If absolute accuracy turns out to

be important, the stationary parts of the metrology loop should be manufactured of a

material with a low(er) CTE. Moreover, the encoder tube should be connected as close

to the bottom interface as possible, to minimise the interaction of the structural/force

loop with the metrology loop, and to measure as close as possible with respect to the

two points of interest.

To minimise stresses over the specified temperature range, the CTE of the encoder

scale should ideally be the same as its mounting body. The difference between the

actual thermal length and the measured thermal length is minimised (Fig. 3.19a).

However, to minimise the difference in thermal expansion between the end-cover inter-

face and the measurement position of the linear optical encoder, the mounting body of

the encoder scale should be of the same material as the FS tube, i.e., aluminium, while

the encoder scale should be of a (near-)zero CTE material. In the latter situation,

the difference in position readout and thermal expansion at the end-cover interface is

approximately ∆z = 0.5 µm/K, as the distance through hardened steel (AISI 440C) is

18.5 mm, and the difference in distance through aluminium (Al 6082) approximately

11 mm. Over the operational temperature range, this results in a difference of approx-

imately 7 µm between measurement and actual position.

In the prototypes, a soda-lime glass encoder scale is fixated to a scale mount of ti-

tanium (grade 2), with matching CTE, to minimise stress in the adhesive over the

temperature range. The difference in position readout and output thermal expansion

of the prototypes is approximately ∆z = 1.4 µm/K.

For the final PACTs, to minimise the difference in position measurement and actual

position over the temperature range, it is recommended to use a low CTE scale (e.g.,

a Zerodur® or ZeroMetTM (FeNi36) scale), with an aluminium mount body. How-

ever, more research on the stress of the adhesive will be necessary. Tests at survival

temperature ranges (typically occurring during transport) should be carried out, and
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Figure 3.20: Sharp-folded plate springs and their (sub)assembly.

accelerated lifetime tests over the operational temperature range are required.

The thermal effect on the preload of the bolts and stud bolts is discussed in Sec-

tion 3.5.7.

3.5.3 Flexure-based straightguide

The concept of sharp-folded plate springs [73] is adopted for the flexure-based straight-

guide. Each plate of a sharp-folded plate spring accommodates for half of the stroke,

making large strokes possible. To minimise friction and hysteresis, the sharp-folded

plate springs should ideally be manufactured as a monolith. However, this would

require the use of wire EDM, making the straightguide too expensive. From the con-

sideration of minimising costs, while also minimising hysteresis, it is chosen to build

the sharp-folded plate springs from bent sheet metal and connecting the ends. The

implementation of the sharp-folded plate springs is depicted in Fig. 3.20.

The FS is straightguided with respect to the ‘fixed world’ by two sets of three sharp-

folded plate springs placed at 120°, whereby each set is placed at a different level

(Fig. 3.21). By increasing the distance between the levels, the rotation stiffness kφ and

kψ increases quadratically (as described in Section 3.5.1). The combined axial stiffness

of the plate springs is approximately 25 N/mm, which results in an additional positive

or negative force of ±200 N on the stages at negative and positive end-stroke, respec-

tively. Furthermore, the FS is straightguided with respect to the CS by two other sets

of folded plate springs. The weight compensation function is integrated into the latter
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Figure 3.21: Schematic representation of the flexure-based straightguide to determine the axial stiff-

ness cax.

sharp-folded plate springs, which is why they are of a larger thickness. A displacement

due to a load on the FS needs to be compensated by the CS actuator.

All plate springs are provided with three slotted holes at their base, hence they can be

aligned with respect to their connecting-plate with three dowel pins. The alignment of

the bottom (thin) plate springs with respect to the top (thin) plate springs is provided

by the connecting plates that are aligned which each other via a close fit on the outer

tube.

All sharp-folded plate spring sets are placed in parallel for the FS, but in series for

the CS (Fig. 3.21, right). The axial stiffness of the elastically based weight compen-

sation mechanism is designed to be approximately 330 N/mm, which results in a first

eigenfrequency around 10 Hz and a deflection of approximately 3 mm at maximum op-

erational load. The length l of each plate spring is 44 mm and the width w is 60 mm.

For optimal tuning of the axial stiffness of the weight compensation, the plate springs

are chosen rectangular (Fig. 3.22, left). The lateral (in-plane) stiffness of the sharp-

folded plate springs is dominated by the bending stiffness over the shear stiffness, as

2 · l ≥ 0.87 · w [73]. Tapering of the plate springs (Fig. 3.22, middle) would be ben-

eficial for the lateral stiffness. An additional advantage of the tapered plate springs

is that the mass at the ends decreases, which is beneficial for the dynamic behaviour.

Tapering is not applied, as the full rectangular area was required to tune the axial

weight compensation stiffness, while simultaneously keeping the bending stress within

limits: tapering reduces the axial stiffness, while increasing the bending stress at the

tapered section. Moreover, by applying a taper, the plate springs will not bend in a
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Figure 3.22: Different shapes of plate springs.

pure S-curve. By applying a stiffened plate spring (Fig. 3.22, right), and making sure

that area Ab is equal to the area Ae, a pure S-curve during deflection is obtained again.

However, the latter would require extra maching steps. To minimise costs, only plate

springs with a uniform thickness are applied.

Equations to estimate the stiffness can be found in [73]. The axial stiffness cz of a

single plate spring can be estimated with

cz =
Ewt3

l3
, (3.6)

with E the Young’s modulus, w the plate spring width, and t the plate spring thickness.

The maximum bending stress σb can be estimated with

σb =
3Etz

l2
. (3.7)

The thin plate springs have a plate thickness t of 0.4 mm, while the thick plate springs

have a thickness tw of 0.9 mm. The elastic straightguides are dimensioned in such a

way that the maximum bending stress during operation stays below the fatigue stress

of 500 MPa. High strength AISI 301 stainless steel with a high yield strength is applied,

to ensure a lifetime of more than 30 years. Material properties of the AISI 301 can be

found in Section 3.2.9. High strength stainless steel is selected over a titanium alloy

because of its lower cost.

Structural FEA is applied to determine the axial stiffness and maximum bending stress

during operation, as shown in Fig. 3.23. The overall von-Mises stress with a maximum

operational axial force of -550 N stays below 500 MPa. The axial stiffness of the set

varies from approximately 153 N/mm to 152 N/mm over the load-range.
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(a) Fz =-150 N (b) Fz =-550 N

Figure 3.23: Non-linear structural FEA of a set of thick sharp-folded plate springs with a thickness

tw of 0.9 mm. The overall von-Mises stress with a maximum operational axial force of

-550 N stays below 500 MPa. The axial stiffness of the set varies from approximately

153 N/mm to 152 N/mm over the load-range.

Hence, the axial stiffness of the thick sharp-folded plate springs is assumed constant in

any operational position.

The axial stiffness of plate springs is nearly constant over the stroke, as long as small

deflections are being made, and no other forces and moments are acting on the plate

springs [25]. The latter are expected to be negligible for PACT during operation. The

constant stiffness assumption is not valid for the thin sharp-folded plate springs, which

have to make a relatively large stroke. The increase in axial stiffness over the stroke of

the thin sharp-folded plate springs is estimated using the equations in van Eijk [25], and

amounts to a factor of 1.08. As the thin sharp-folded plate springs are approximately

accounting for 1
10

of the axial stiffness, this effect is considered almost negligible.

A tolerance analysis on the folded plate springs is conducted. The effect on the axial

stiffness is dominated by the tolerance on the thick folded plate springs, which should

be within ±20 µm. The tolerance on the thickness of the thin folded plate springs is

less strict with ±50 µm. In combination with tolerances on both the length and width

of the plate springs of ±0.2 mm, a deviation in axial stiffness of ±6.5 N/mm (resid-

ual sum of squares, RSS) for the complete flexure-based straightguide can be found.

Furthermore, the effect of bending-angle deviation on straightguide quality (deviation

from the centreline) is examined with FEA. A difference in bending angle of ±1° on

a nominal bending angle of 13° results in a lateral deviation of 3.4 µm (RSS) at a

maximum stroke of 7.5 mm, which is considered acceptable.

The lateral stiffness clat,P at the output is already described in Section 3.5.1, and is

estimated to be 6.2 N/µm in neutral position and 2.3 N/µm at the end-stroke.

The rotational stiffness kθ of the plate springs is high, as the folding line of the sharp-

folded plate springs is placed at a radius R of 80 mm. The rotation stiffness kθ of a set

of three thin sharp-folded plate springs is approximately 2.0 · 105 Nm/rad.

These sets of folded plate springs provide a symmetrical design. However, the straight-

guide becomes overdetermined in θ-direction. This is relieved by lowering the rotation

stiffness around driving direction kθ of one FS tube, as the CS support protrudes from

the aforementioned FS tube at three instances (Fig. 3.27), see also Section 3.5.6.
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Assembly of the plate springs

Different concepts for connecting the bent metal plates were considered, and some of

them are depicted in Fig. 3.24. The AISI 301 stainless steel sheet derives its proper-

ties from cold-rolling. Therefore, laser or spotwelding (Fig. 3.24, left two columns),

close to the position where the highest bending stress occurs will reduce lifetime sig-

nificantly. Applying an intermediate body that clamps near the bending line, but is

welded at the end could be possible. However, the clamping pressure is required to be

well-determined, which is challenging to achieve. The durability of applying adhesive

over a lifetime of 30 years is questionable, and is therefore not recommended. Con-

necting an intermediate body with elastic (notch-hinge type) flexure at the location

where the centre lines intersect, makes it possible to connect the plate springs on a

less critical position (Fig. 3.24, second to the right). However, a cost-effective man-

ufacturing method is required, such as (precision) extrusion. Finally, different ways

of clamping by applying bolts were considered (Fig 3.24, right). Clamping two plates

with bolts is a cost-effective solution [82]. However, the surface pressure is relatively

low due to the large contact area, increasing hysteresis. Furthermore stiffer (and thus

thicker) clamping block will distribute the preload of the bolt more evenly, although

increasing the mass at the ends of the plate springs. Clamping blocks with well-defined

clamping surfaces close to the bending radius of the plate spring are applied. Due to

the minimal required distance of a hole with respect to the bending radius to prevent

deformation during bending, the bolt positions of the four M3 bolts are placed slightly

outward. This way of connecting the plate springs is chosen for the prototypes. The

plate springs are aligned with three dowel pins at the base connection, and two dowel

pins at every end of the flexure: one dowel pin at each clamping block. Both the

flexures and the clamping blocks are provided with a hole and a slot for alignment

with these dowel pins (Fig. 3.20). The application of bolts and dowel pins makes the

non-destructive disassembly of the prototypes possible. Furthermore, the blocks act as

mechanical end-stops for the end-range of PACT at ±8 mm.

The idea to apply lighter clamping plates (Fig. 3.24, bottom right), in combination

with a larger number of small rivets compared to the present bolt number, arose after

the fabrication of the prototypes. Because of time constraints and financial reasons,

this is not applied in the latter. It is recommended to investigate this solution for the

clamping of the plate springs at the ends. The number of rivets and the thickness of the

clamping plates need to be determined with FEA. By applying multiple small rivets,

clamping plates with a smaller surface area can be applied, simultaneously increasing

the clamping pressure and the decreasing the mass at the flexure-ends. The clamping

plates are provided with a radius at the location of the radius of the bent plate springs,

to prevent the sharp edges from damaging the flexure. A dedicated setup for riveting

and flexure alignment can be designed to assemble flexure sub-assemblies.

At the base, the current clamping blocks can still be applied, as mass is less critical

there, while they can serve as mechanical end-stops.
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Figure 3.24: Different concepts to connect sharp-folded plate springs (side-view).

Virtual play under lateral loading

The virtual play under lateral loading is determined. The survival lateral load Flat,max
is specified at 100 N. During operation it will be less than 50 N. The force at the top

set and bottom set of thin sharp-folded plate springs can be determined by (3.3). This

results in a maximum lateral force of 129 N and 29 N the top and bottom set of thin

sharp-folded plate springs, respectively. Each individual sharp-folded plate spring takes
2
3

of the load, which means a maximum load of 86 N at the top for survival forces, and

43 N during operation. For survival, it is most important that no slip occurs. During

operation, hysteresis should be minimised.

Virtual play of a clamped plate spring loaded in lateral direction can be calculated

using

sv =
F 2
lat

4 · E · w2 · 2t · µ · σv
, (3.8)

with friction coefficient µ, (uniform) clamping pressure σv, Young’s modulus E, thick-

ness t of plate the spring, and width w of the plate spring. Both the clamping blocks

and the plate springs are made of stainless steel with a Young’s modulus E of 193 GPa.

The plate springs have a thickness t of 0.4 mm, and the clamping blocks have a width

w of 60 mm. Using four M3 (A2/A4-80) bolts, with a preload of 2.1 kN each, and two

well-defined clamping surfaces with a length of 1.5 mm (Ac of 180 mm2), this results

in a (uniform) clamping pressure σv of 47 MPa. The virtual play sv during operational

lateral load is estimated to be below 0.1 nm. During survival lateral loading, the lat-

eral virtual play is less than 0.3 nm, which is considered small enough to not pose a

problem.

3.5.4 Cardanic elements

Two elastic cardanic elements are applied in the connection of the CS actuator, to

maintain a statically determined design (see Fig. 3.25). By placing two cardanic ele-

ments at a distance, only the θ and z-DOF of the CS actuator are constrained with
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1
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Figure 3.25: Cardanic elements - cardanic elements in grey in the sectioned PACT design.

respect to the fixed world.

Elastic cardanic hinge elements are formerly applied for proper alignment of air bear-

ings with respect to their guiding surfaces [35, 89, 90]. Each cardanic element provides

two rotational DOF with intersecting axes of rotation. Furthermore, a high axial stiff-

ness is possible, and no friction and hysteresis are present.

Vermeulen [89] suggests a square cross-section over a circular cross-section for an in-

creased axial stiffness as well as an increased rotation stiffness around the central axis

(kθ). Moreover, additional strips were applied to decrease the deformation of the inter-

mediate body under axial loading, increasing the axial stiffness. The increase in axial

stiffness by applying the stiffening strips depends on the dimensions of the cardanic

element. The axial stiffness is typically increased between 10% and 20% [89, 90].

Two cardanic elements are applied in the PACT redesign, one connecting the CS nut

to the CS stage (1), and one connecting the BLDC-motor to the ‘fixed world’ (2). The

volume constraint on the former is of cylindrical nature, where contact with the FS

(Ø40 mm) and trapezoidal spindle (Ø10 mm) should be prevented. Therefore, the top
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cardanic element (1) has a circular cross-section. The lower cardanic element (2) is of

rectangular cross-section, and is positioned around the BLDC-motor and between the

plates that provide axial stiffness from the BLDC-motor mount to the bottom interface.

Moreover, as both the spindle and the BLDC-motor mount are placed coaxial to the

top and bottom cardanic element, respectively, stiffening strips could not be applied.

The cardanic element connected to the CS nut (1) is manufactured from an AISI 304

stainless steel Ø32 mm thick-walled tube and it has hinges with a ligament thickness

h of 0.5 mm, width t of two times 10 mm, and a diameter D of 3 mm, resulting in a

rotational stiffness of 40 Nm/rad, determined with

kφ,ψ = 0.093 ·
√
h

D
· E · t · h2, (3.9)

and a combined axial stiffness of 4 · 108 N/m, determined with

cz = 0.48 ·
√
h

D
· E · t. (3.10)

With FEA, the axial stiffness of the intermediate body is calculated to be around

2.6·108 N/m, resulting in an axial stiffness of the top cardanic element of approximately

1.6 · 108 N/m.

The cardanic element that connects the BLDC-motor to the fixed world via a mount

(2) is manufactured from an aluminium 7075-T6 block (60x60 mm) and has hinges

with a ligament thickness h of 1 mm, width t of two times 22.4 mm, and a diameter

D of 5 mm, resulting in a rotational stiffness of 130 Nm/rad and a combined axial

stiffness of 3.4 · 108 N/m. With FEA, the axial stiffness of the intermediate body is

calculated to be around 1.3·108 N/m, resulting in an axial stiffness of the top cardanic

element of approximately 1.0 · 108 N/m.

Both cardanic elements are manufactured using wire EDM, as tight manufacturing

tolerances on the elastic hinges, and minimum material removal to maximise the axial

stiffness of the cardanic elements, is required.

3.5.5 Coarse stage

The coarse stage (CS) is depicted in Fig. 3.26 and consists of the CS actuator nut (1),

a cardanic hinge element (7), an aluminium intermediate body (6), two aluminium

plates machined from a single side (3, 5), and an aluminium tube (4).

The aluminium intermediate body is provided with three M4 stud bolts. The two

aluminium plates (3, 5) and the aluminium tube (4) have drilled holes, and can be slid

on the stud bolts before fixating. Cylindrical fits are present for alignment purposes.

The thick sharp-folded plate springs are aligned with three dowel pins, before being

fixated using clamp blocks.
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Figure 3.26: Coarse stage (CS).

To minimise play, the CS nut should be preloaded on the spindle. However, by preload-

ing the nut, the load on the nut will increase, which increases the torque requirement

and decreases the operational lifetime of the nut. In the prototype, the preload, which

depends on the position of the CS stage, is provided by the thin sharp-folded plate

springs. However, depending on the orientation of the M1 telescope structure and the

position of PACT in the telescope structure, a position of the CS nut exists in which

the preload is lost and the direction of the force vector can rotate 180°. This results in

play, which can temporarily deteriorate the positioning accuracy of the CS actuator.

It is preferred to apply a force-closed preload by applying a concertina [73] between

two nuts. However, by applying the commercial Maxon motor leadscrew assembly,

the design volume in vertical direction was too limited to included two nuts with a

concertina, while satisfying the lifetime requirement. Therefore, it is recommended to

measure the influence of the rotating force vector on the tracking performance, and

finally to perform an accelerated lifetime test to measure the influence of the switching

force vector on the lifetime of the leadscrew.

3.5.6 Fine stage

The fine stage (FS), depicted in Fig. 3.27, consists of multiple aluminium tubes, mul-

tiple aluminium plates and a stainless steel end-cover (1).

Three M3 stud bolts are connected to the bottom aluminium plate (10) and fixated
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Figure 3.27: Fine stage (FS).

with adhesive. The rest of the aluminium plates (3, 7) and tubes (2, 5, 9) can be slid

over the stud bolts, aligned by cylindrical fits, and fixated afterwards. The stainless

steel end-cover (1) is not part of this stack, as all parts are fixated before the encoder

alignment can take place. After encoder alignment, the end-cover can be placed on top

of the last FS tube, and fixated with three M3 bolts. The θ-position of the parts with

respect to each other is constrained with dowel pins. Furthermore, the overdetermined

θ-DOF is relieved by lowering the rotation stiffness around driving direction kθ of one

FS tube (9), as the CS support protrudes from this FS tube at three instances.

The majority of the aluminium tubes require longitudinal holes with a large length over

diameter ratio, to be drilled within the wall thickness. Therefore, for series-production,

precision extrusion of the aluminium tubes should be considered.

3.5.7 Connections

All parts are connected using M3 and M4 stainless steel bolts (A2/A4-80), stud bolts,

and standard nuts and washers. All bolts and stud bolts are fastened with a torque

wrench. The application of long stud bolts results in relatively uniform bolt loading

under varying external forces with a reduced risk of fatigue loading. A conceptual

figure is depicted in Fig. 3.28.
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Figure 3.28: Concept of a bolted connection with a stud bolt.

The applied preload Fb,pre on the M3 stainless steel bolts and stud bolts is approxi-

mately 2.1 kN at 1.3 Nm torque (µ = 0.15). With a maximum yield strength Rp0.2 of

approximately 600 MPa, this results in a load at yield of approximately 3.0 kN and an

accompanying load reserve Fb,res of 0.9 kN. Subsequently, the applied preload Fb,pre on

the M4 stainless steel bolts and stud bolts is approximately 3.7 kN at 3.0 Nm torque

(µ = 0.15). This results in a load at yield of approximately 5.3 kN and an accompa-

nying load reserve Fb,res of 1.6 kN. A margin of safety is implemented, as the preload

obtained strongly depends on the coefficient of friction µ. An error of at least ±20%

in preload is common for torque wrenching [7].

The (external) operational load Fop on the FS can vary between +200 N and -1100 N,

and can be seen as dynamic loading. The dynamic fatigue stress σb,dyn of the bolts

is approximately ±50 MPa. The (external) survival load Fsurv on the FS can vary

between +2000 N and -2900 N, in which the bolts should survive.

Furthermore, as most of the parts are of aluminium, the bolt preload will change with

a change in temperature. A difference in CTE of about 6.5 µm/m·K exists between the

aluminium parts and the stainless steel bolts (A2-80). The CTE of cold-rolled AISI

301 stainless spring steel is approximately 16.6 µm/m·K, which results in a difference

in CTE of about 0.7 µm/m·K between the bolts or clamping blocks, and the flexures.

Both the effect of the external load Fext and the difference in thermal expansion over

the thermal operational range ∆Top on the bolt preload Fb,pre can be found in Table 3.5.

Moreover, also the change in preload over the survival range ∆Tsurv is determined. The
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Table 3.5: Bolted connections - changes in preload for different bolted connections.

FS CS Encoder Flexure

tube tube tube clamps

Bolts 3xM3 3xM4 M4 4xM3

Bolt-joint steel-alu steel-alu steel-alu steel-steel

L [mm] 148 57 131 3 or 4

cb [N/µm] 6.6 29.7 12.9 320 or 240

cj [N/µm]a 49·cb 9·cb 15·cb 2·cb
Fb,pre [kN] 2.1 3.7 3.7 2.1

Fb,res [kN] 0.9 1.6 1.6 0.9

Fop [N] +67 to -367 +67 to -367 0.0 +8 to -46

∆Fb,max [N] +1 to -7 +7 to -37 0 +3 to -15

∆σb,max [MPa] 0.7 2.2 0.0 2.0 to 4.0

Fsurv [N] +667 to -967 +667 to -967 0 +83 to -121

∆Fb,max [N] +13 to -19 +7 to -97 0 +42 to -61

∆Fb,Top [N]b -56 to +37 -89 to +59 -93 to +62 +3 to -2

∆Fb,Tsurv [N]b -149 to +224 -238 to +357 -247 to +371 +11 to -16

∆Fb,Top [N]c -124 to -68 -198 to -109 -206 to -113 +12 to +7

∆Fb,Tsurv [N]c -218 to +156 -347 to +248 -360 to +257 +21 to -15
a Based on analytic estimations.
b With Tassembly = 9° C.
c With Tassembly = 20° C.

change in bolt preload due to external load and thermal influences are calculated with

∆Fb,Fext =
cb

cb + cj
· Fext,

∆Fb,∆T =
cb · cj
cb + cj

·∆T · L · (αj − αb) ,
(3.11)

where cb is the stiffness of the bolt, cj is the stiffness of the joint, L the length of the

bolt, and αb and αj the CTE of the bolt and joint, respectively.

Not all bolted connections are listed in Table 3.5, but after calculation no problems

are expected.

From Table 3.5 follows that PACT can be assembled both at the reference temperature

of 9° C, as at room temperature (20° C), with the former resulting in less fluctuation

in bolt preload (approximately a factor of two).

Holes are tapped in the aluminium parts. Aluminium has a lower shear strength

than stainless steel. To increase the thread stripping strength and to prevent galvanic

corrosion (to maintain the ability to loosen the bolts for maintenance purposes), thread

inserts (helicoils) are applied.
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Table 3.6: Estimation of the power dissipation during tracking and slewing.

Power dissipation

Tracking Slewing

Linear optical encoder 0.75 W 0.75 W

Limit switches 0.24 W 0.24 W

VCA 12 mW ≤12 mW

BLDC-motor 5 mW ≤1.0 W

Friction leadscrew 2 mW 0.40 W

Total ≤1.0 W ≤3.0 W

3.6 Power dissipation

An estimation of the power dissipation is depicted in Table 3.6. The power dissipation

values of each component are already calculated in the corresponding subsections.

Only when the electronics, of which the design is outsourced to an external partner,

will be placed at a considerable distance from PACT (e.g., 10 m), PACT will satisfy

the power dissipation requirements.

Therefore, the electronics are not included in the power dissipation estimation.

The two largest contributors to the power dissipation budget are the optical linear

encoder and the limit switches. Overall, the power dissipation during tracking is just

within the required 1.0 W. During slewing, the power dissipation is estimated to be

larger than 2.0 W, but well within the required 5.0 W: the position accuracy require-

ments are less strict, and therefore the dissipated power at the VCA is expected to

be less than during tracking. However, the rotation velocity of the BLDC-motor will

increase from 40 RPM to approximately 8200 RPM during slewing. Therefore, it

is expected that the power dissipation due to self-inductance and back-EMF at the

BLDC-motor will increase, but will stay below the 1.0 W. Furthermore, due to friction

between nut and spindle, the power dissipation during slewing is not negligible any

more, and amounts to approximately 0.40 W.

Note that the estimations of the power dissipation are based on a PACT moving with a

constant velocity, either tracking or slewing. Different motion profiles will only slightly

affect these estimations in a negative way, especially when short distances are covered,

since the effect of power dissipation peaks during acceleration and deceleration, which

are not taken into account in the estimations, are relatively large then. However, it

is expected that the BLDC-motor will predominantly move with a (nearly) constant

velocity over relatively large distances during both tracking and slewing.

3.7 Cost of components

A cost estimation is made by TNO, aiming for a price of e4.000 per PACT, for a series

of 2394 actuators, plus spares. This price is based on the list of procured components,
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Table 3.7: Cost estimation of components.

Component Component Price [e]

Procured parts Voice Coil 100

Linear optical encoder 400

CS actuator assembly 500

Limit switches (2) 50

Electronics and software 400

Bolts, nuts, washers, and other 50

Subtotal 1.500

Manufactured parts and assembly 1.500

Other Software development 1.000

Testing and qualification

Product Assurance

Product Management

Total 4.000

manufactured parts and other cost estimations on for instance the development of

software and tests. The cost estimation is depicted in Table 3.7. About e1.500 is

remaining for the manufactured parts and the assembly of the design shown in the

previous sections, which is considered challenging. The manufacturing costs needs to

be minimised by manufacturing dedicated tools and exploring (more) cost-effective

production processes such as (precision) extrusion, laser cutting, and water-jet cutting

where possible.

3.8 Prototypes

The prototypes differ sightly from the redesign as described in the previous sections.

The differences are visible in Fig. 3.29, where cross-sections of the redesigned and design

realised are shown.

First of all, the two cardanic hinges to relieve the over-constrained connection of the

nut to the CS are omitted, proposed by TNO, for cost reasons. In the prototypes,

the alignment of the centrelines of the flexure-based straightguide and the CS actuator

is handled by imposing tighter manufacturing tolerances on the manufactured parts.

An advantage of this choice is that the axial stiffness in closed-loop will increase.

However, it is expected that the lifetime of the CS actuator will decrease significantly.

It is recommended to test this with accelerated lifetime tests. If this appears to be

a problem, TNO suggests to remove the bottom (thin) CS sharp-folded plate spring

set to end up with a statically-determined design again. While this is correct from a

theoretical point of view, the lateral stiffness of the CS actuator will determine the x

and y-DOF. It is expected that play and hysteresis effects of the CS actuator in lateral
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Figure 3.29: Comparison of the redesigned PACT (left) and the PACT realised (right) - cross sections.

Major differences depicted in grey.

direction, especially from the nut, will become visible at the output. In the latter

situation, preloading the nut with respect to the spindle is recommended.

A preferred alternative is to (re)design the CS actuator, instead of buying a commer-

cial assembly to minimise costs and to mitigate risk. In the current design, length is

the limiting factor. By using the available design space in radial direction, the length

can probably be reduced, which frees vertical design space, to include a force-preloaded

nut. Also, by applying a spindle with a smaller pitch, a smaller gearbox can be applied.

Furthermore, a force-closed bearing arrangement can be designed, primarily focussing

on the axial load. When an X-configuration with angular contact bearings is chosen,

the lower cardanic element becomes obsolete, while the axial stiffness can be increased.

However, large angular contact bearings are required due to the large required load

capacity. By designing a planetary gearbox with larger gears, the forces on the gears

are reduced, which improves the lifespan of the gearbox. Finally, a BLDC-motor can

be applied, even off-centre if required.

Secondly, the thick sharp-folded plate springs are manufactured from 1.0 mm AISI

301 stainless steel sheet (thickness of 1.0 mm instead of the designed 0.9 mm), due

to availability. This will increase the axial open-loop stiffness of PACT from approx-

imately 330 N/mm to 430 N/mm. The first eigenfrequency will increase to approxi-
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Figure 3.30: Photographs taken at different steps during the assembly of PACT Atlas 1.

mately 11 Hz. Furthermore, the VCA will have to generate more force, but this effect

is expected to be small with respect to the total power dissipation.

Finally, the top ring, which connects the top plate to the outer tube, is increased

from Ø200 mm to Ø230 mm, to mount PACT axially to the already existing test-

setup. The test-setup is described in more detail in Section 4.

Different steps in the assembly of PACT Atlas 1 are depicted in Fig. 3.30. The com-

pleted prototype PACT Atlas 1 is shown in Fig. 3.31.

3.9 Dynamic analysis of redesign

In this section, a dynamic analysis of the design realised is described and compared to

the performance of PACT γ. First the simplified CAD model is shown, as well as the

mesh and the boundary conditions that are applied for the FEA. Next, the result of

the modal analysis is given, and the frequency response function (FRF) is compared

to the simulated FRF of PACT γ. Finally, a worst-case analysis is carried out, and

compared to the worst-case analysis of PACT γ.
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Figure 3.31: Completed prototype PACT Atlas 1.

3.9.1 Modal analysis

Identical to the dynamic analysis of PACT γ, the dynamic analysis of the redesign is

carried out using a simplified CAD model, connected to the same aluminium strut and

test-mass. A section view of the simplified CAD model is depicted in Fig. 3.32a. Again,

the same assumptions as in Section 2.2.2 apply. The model of the PACT redesign is

used as input for a 3D FEA model in ANSYS Workbench 15.0. The meshed FEA

model is depicted in Fig. 3.32b and 3.32c.

The mesh is automatically generated, with some refinement on the thinner parts of

the model, resulting in a total of 93.339 elements. The default ANSYS mesh elements

are SOLID186 and SOLID187, which are TET10 and HEX20 quadratical elements,

respectively. Moreover, the plate springs are modelled with shell elements. Therefore,

the mesh is assumed to be sufficiently accurate in bending behaviour.

Two boundary conditions are applied. The contact with the ‘fixed world’ is modelled

with four fixed supports at the four interface surfaces at the bottom, while the guidance

of the test-mass is again modelled with a remote displacement, where the test-mass is

free in z-direction only.

As with PACT γ, a modal analysis is carried out where the first 40 eigenmodes are

calculated. The most important eigenfrequencies of the redesign are listed in Table 3.8.

The eigenmodes of the piston mode, the first parasitic modes, and the mode where the
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(a) Simplified CAD model

(sectioned view).

(b) Mesh of the simplified

CAD model.

(c) Mesh of the simplified

CAD model (inside visi-

ble).

Figure 3.32: FEA model of the simplified CAD model of PACT Atlas.

test-mass decouples from the FS, are depicted in Fig. 3.33.

The piston mode (10 Hz), where the FS decouples from the CS, is slightly increased

with respect to the previous prototypes, as a higher axial stiffness is chosen.

Parasitic modes of the plate springs are visible from 330 Hz and higher. Although it is

expected that these are not visible in the FRF from VCA except for the sixth mode,

as the modal input value qmi for symmetric forces on the FS is zero for all modes but

the sixth, it is recommended to decrease the mass at the ends of the plate springs

by choosing an other clamping method, to improve the overall dynamic behaviour of

PACT Atlas (see Section 3.5.3).

Furthermore, the eigenfrequencies of the (first-order) parasitic rotations are present

around 409 Hz and 434 Hz, respectively. At these frequencies, both the CS and the

FS rotate in tip (φ) and tilt (ψ). Here, the lateral stiffness of the thin plate springs is

limiting, especially the top plate springs. Since the top plate spring cannot be placed

higher due to design volume constraints, and the thickness of the plates cannot be

increased due to lifetime issues, it is expected that these frequencies can hardly be

shifted to higher frequencies in the current design. The second-order parasitic modes

and modes of the plate springs are all above the decoupling frequency of the strut at

483 Hz. The latter is slightly increased with respect to PACT γ due to the increased

stiffness from CS actuator to the ‘fixed world.’
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Table 3.8: Eigenfrequencies of the modal analysis of the PACT redesign.

Mode Frequency [Hz] Modeshape

1 10 piston (z)

2 330 plate spring mode
...

...
...

6 359 plate spring mode with FS translation

7 364 plate spring mode

8 409 tip (φ)

9 434 tilt (ψ)

10 483 2nd piston (z)

11 645 2nd tip (φ)

12 681 2nd tilt (ψ)

13 695 encoder tube and encoder arm (bending)

14 725 encoder arm (torsion)
...

...
...

18 850 encoder tube and encoder arm (bending)

19 1087 plate spring mode
...

...
...

38 1298 encoder arm (lateral)

39 1316 encoder arm (bending)

40 1339 encoder arm (bending)

The first eigenmode of the measurement system can be found just below 700 Hz. As

this is well above the decoupling frequency of the FS from the test-mass, this was

expected to be sufficient. In Chapter 4, however, it is found that eigenmodes of the

measurement system do limit the positioning performance.

The modal analysis is carried out with the flexures in neutral position. The lateral

stiffness at the end-stroke is analytically calculated to be 37% of the lateral stiffness in

neutral position (Section 3.5.1). Therefore, it is expected that the first two parasitic

frequencies will decrease with a factor 1√
0.37

to approximately 250 Hz and 260 Hz at

full stroke, respectively. Since this is still higher than the previous TNO prototypes,

an increase in performance is expected.

3.9.2 Frequency response functions

The FRF based on the FEA model of the redesign at neutral position and an angle

of 0° is compared with the frequency response based on the FEA model of PACT γ

as described in Section 2.2.4, which is depicted in Fig. 3.34. The inputs and outputs

are defined as described in Section 2.2.4, i.e., forces on the VCA surfaces as input, and
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(a) Mode 1 (10 Hz). (b) Mode 8 (409 Hz). (c) Mode 9 (434 Hz). (d) Mode 10 (483 Hz).

Figure 3.33: Four modes of the FEA-based modal analysis of PACT Atlas. (a) the piston mode, (b)

the tip mode, (c) the tilt mode, (d) the test-mass decouples from the FS.

four nodes to describe the vertical translation and the rotation of the encoder readhead

with respect to the encoder scale as output.

Note that the first eigenfrequency is shifted from approximately 8 Hz to 10 Hz, which

was to be expected due to the increase in axial stiffness open-loop stiffness. Only one

plate spring mode is visible around 360 Hz, as this modes has a vertical (and symmetric)

component in the fine stage (FS), i.e., the modal input value qmi for symmetric forces

on the VCA and the modal output value ymi are not zero. Furthermore, the parasitic

frequencies, which are expected around 410 Hz and 430 Hz, are not visible. According

to the modal input values qmi, these modes are excited by lateral forces (in x and

y-direction), or asymmetric forces in z-direction, which are not present in the baseline

model. Therefore, the overall dynamic behaviour in the FRF from VCA to linear

encoder of the baseline models of PACT Atlas and PACT γ are very much alike.

3.9.3 Worst-case analysis

To compare the PACT redesign with the previous PACT prototype of TNO, the worst-

case simulation as described in Section 2.2.5 is repeated on the simplified FEA model

of the redesign, adapted for the slightly changed inputs and outputs (smaller VCA

with moving coil, and different encoder readhead dimensions). The parameters of the

loadcase can be found in (Table 2.5). This results in the FRF as depicted in Fig 3.35,

in which the frequency response functions of both the previous prototype (Hγ,wc) and

the redesign HAtlas,wc) are shown.

In the previous prototype the parasitic dynamics become clearly visible (also see Sec-
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Figure 3.34: Comparison between the FRF from VCA to linear encoder of the FEA-based model of

PACT Atlas (HAtlas) and the PACT γ (Hγ) at neutral position.

tion 2.2), while the parasitic dynamics of the redesign around 410 Hz and 435 Hz are

not visible in the FRF. This can be explained because the qmi values of these modes

are smaller in the FEA-based model of the redesign than for PACT γ, and therefore

less excited. The overall dynamic behaviour in the FRF of the worst-case model of

PACT Atlas is improved with respect to the worst-case model of PACT γ.

Note that the dynamic analysis is done at the neutral position of PACT Atlas, which

is the position with the highest lateral stiffness. As described in Section 3.9.1, it is

expected that the eigenfrequencies of the parasitic dynamics will decrease to approxi-

mately 250 Hz and 260 Hz, respectively.

The (maximum) shift in eigenfrequency and the visibility of the parasitic dynamics are

compared with measurements, which are described in the next chapter (Chapter 4).

3.10 Concluding remarks

A design for a cost-effective PACT with a low axial stiffness is proposed and realised,

with a voice coil as fine stage actuator, and a coarse stage driven by a BLDC-motor

and a leadscrew.

The selected concept is primarily built from standard aluminium plates and tubes.

To minimise costs, most plates are machined from a single side. To ease assembly,
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Figure 3.35: Comparison between the FRF from VCA to linear encoder of the FEA-based model

of PACT Atlas (HAtlas,wc) and the PACT γ (Hγ,wc) at neutral position, based on the

worst-case analysis with identical parameters as described in Table 2.5.

most parts, aligned by cylindrical fits, can be slid on stud bolts before fixating. All

aluminium parts are anodised to improve the corrosion resistance. Furthermore, an

optical linear encoder with a resolution of 1.0 nm is placed close to the output and

satisfying the Abbe criterion, which minimises measurement errors. The power dissipa-

tion during tracking is estimated to be just within the required 1.0 W. During slewing,

the power dissipation is estimated to be well within the required 5.0 W.

A flexure-based straightguide, based on sharp-folded plate springs, is applied to min-

imise hysteresis and friction. An off-loading mechanism is integrated into the flexure-

based straightguide. The axial stiffness of the flexure-based straightguide is designed

to be approximately 330 N/mm, which results in a first eigenfrequency around 10 Hz

and a deflection of approximately 3 mm with a maximum operational load of -1100 N.

The folded plate springs are dimensioned in such a way that the maximum bending

stress during operation stays below the fatigue stress, to ensure a lifetime of more than

30 years. Furthermore, the lateral stiffness at the PACT output is 2.3 N/µm at the

end-stroke, and almost three times higher in neutral position.

The prototypes differ slightly from the designed PACT, as the two cardanic elements

that relieve the over-determined connection of the BLDC-motor to the coarse stage

(CS) are omitted. In the prototypes, the alignment of the centrelines of the flexure-
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based straightguide and the CS actuator is handled by imposing tighter manufacturing

tolerances on the manufactured parts. An advantage is the increased closed-loop axial

stiffness, but it will likely decrease the lifetime of the nut. Alternatives are proposed

with the recommendation to add a force-closed preloaded nut (e.g., by applying a con-

certina). The preloaded nut is not applied in the current prototypes due to conflicting

volume requirements.

Furthermore, the sharp-folded plate springs with integrated weight compensation are

manufactured from 1.0 mm thick stainless steel sheet instead of the designed 0.9 mm,

due to availability. This will increase the axial stiffness of PACT from approximately

330 N/mm to 440 N/mm, and increases the first eigenfrequency.

A modal analysis is carried out on a simplified model of the prototypes. The first

eigenfrequency is found around 10 Hz. The first parasitic modes can be found around

410 Hz (φ) and 435 Hz (ψ), respectively. It is expected that the first two parasitic fre-

quencies will decrease to approximately 250 Hz and 260 Hz, respectively, at end-stroke.

The other parasitic modes are all above the decoupling frequency of the strut around

485 Hz, except for plate spring modes, starting from 360 Hz.

Frequency response functions from a force on the voice coil actuator to sensor position

are generated and analysed for both the standard configuration and the worst-case

configuration. These FRFs are compared with FRFs of the previous PACT prototype

of TNO as described in Chapter 2. The parasitic dynamics of the redesign are in-

creased from 160 Hz and 280 Hz to approximately 410 Hz and 435 Hz. Furthermore,

the parasitic dynamics are excited to a lesser extent, as the modal input vector values

qmi are lower than for the previous prototype. Therefore, they are less visible on the

worst-case FRF.

The dynamic behaviour can be improved by decreasing the mass at the ends of the

plate springs by choosing an other clamping method, i.e., by applying lighter plates

with a larger number of small-diameter rivets compared to the present bolt number as

shown in Fig. 3.24, bottom right. At the base, the current clamping blocks can still be

applied, as mass is less critical there, while they can serve as mechanical end-stops.
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Experimental results and performance

In this chapter, the experimental results and the performance of the PACT prototypes

are presented. First, an overview of the experimental setup is given, and some func-

tional tests are described. Next, frequency response measurements are carried out on

PACT Atlas 1, at different orientations with respect to the gravity vector. The frequency

response measurements of the other two prototypes in horizontal configuration are also

shown. Controllers are implemented for all prototypes, and tracking performance has

been assessed. PACT Atlas 2 satisfies the position accuracy requirements measured on

the linear optical encoder, and recommendations for improving on the positioning per-

formance of all the actuators are given. In the concluding remarks, recommendations

for future work are described.

4.1 Experimental setup

The experimental setup is depicted in Fig. 4.1. This experimental setup is identical to

the setup used to assess the performance of the previous TNO PACT prototype [96],

previously described in Chapter 2.

PACT Atlas is axially mounted to the experimental setup from above. Furthermore,

PACT is connected to the test-mass with a strut, which is designed to match the

replacement stiffness of the M1 segment assembly (M1SA). In the updated design of

the M1 segment support (2016), the replacement stiffness of the strut was increased

from approximately 1.2 · 107 N/m to approximately 1.5 · 107 N/m. Therefore, a new

stainless steel strut was designed and implemented, as shown in Fig. 4.2.

4.1.1 External disturbance spectrum

Knowledge of the external disturbances is required to design a high-performance con-

troller. Essentially, two types of external disturbances act on each PACT: frame vibra-

tions and wind forces.
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Pendulum wires

PACT Atlas

Frame

Interferometer Clamp

PACTBox

Strut with M1SS
replacement stiffness

Flexure-based parallelogramMirror

Box with test-mass

90 kg test-mass

(a) (b)

Figure 4.1: PACT Atlas in the experimental setup, orientated at 0° (horizontal). (a) CAD drawings of

the experimental setup with the internals of the box visible, showing the 90 kg test-mass,

its flexure-based guidance, the interferometer, and the strut with the replacement stiffness

of the M1SA. (b) Photograph of the assembly.

Figure 4.2: Stainless steel strut with an axial replacement stiffness of approximately 1.5 ·107 N/m and

a lateral stiffness of approximately 1.3 · 104 N/m.
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Figure 4.3: Open-loop spectrum of the linear encoder signal in the presence of frame vibrations and

wind forces in the experimental setup. The power spectral density (PSD) of the signal

(top), and the left-integrated (bottom, solid) and right-integrated cumulative RMS (bot-

tom, dashed).

The wind disturbance spectrum is specified by ESO, and is artifically added to the lab

environment by adding a force disturbance signal to the voice coil actuator (VCA).

The output spectrum closely resembles the specified spectrum, as described in detail

in [96].

The frame vibrations at the ELT-site are not specified by ESO, and remain unknown at

the time of writing. It is likely that the frame vibrations in the TNO laboratory, which

is a basement in a non-vibration-isolated building in an urban area, will be higher than

in the ELT M1 structure: the ELT will be a seismically isolated and heavy structure in

a solitary area. To this end, the assembly is suspended on pendulum wires, passively

isolating ground vibrations in the TNO lab.

The disturbance spectrum measured on the TNO experimental setup in laboratory en-

vironment will very likely not be representative for the frame vibration spectrum at the

ELT-site. However, it can be shown that this spectrum is not necessarily performance

degrading, as specific parts of the disturbances can be incorporated into the controller.

An open-loop power spectral density (PSD) of PACT in the experimental setup, in the

presence of frame vibrations and wind forces and as measured by the linear encoder,
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is depicted in Fig. 4.3. Particularly relevant are the large low-frequency (≤5 Hz)

contributions of wind disturbances, the peaks around 8 Hz, 9 Hz, and 13 Hz, and the

peaks between 500 Hz and 700 Hz. The two peaks around 8 Hz and 9 Hz are likely

caused by frame vibrations, while the peak around 13 Hz is expected to be caused

by the plant. The open-loop error sums to more than 1.5 µm RMS, which should be

decreased with almost a factor 1000 to 1.7 nm RMS or lower to satisfy the position

accuracy requirement.

4.1.2 Deviations from the M1SS configuration

The experimental setup is designed to mimic the behaviour of a single PACT within

the M1SS assembly. However, some deviations are present, which are described below.

These deviations can result in a slightly different dynamic behaviour in the experi-

mental setup compared to the dynamic behaviour in the M1 segment support (M1SS)

assembly.

Axial connection of PACT Atlas

PACT Atlas is axially mounted to the experimental setup from above. However, in the

telescope structure, PACT will be mounted to the fixed frame from below. Therefore,

the replacement stiffness of PACT and its connection to the box is different than in the

telescope structure. It was chosen to connect PACT Atlas to the existing experimental

setup with minimum cost and manufacturing required, therefore, only the top ring of

the PACT prototypes is adapted (see Fig. 3.29 and Fig. 3.31). FEA is carried out

on PACT mounted from above and on PACT mounted from below. Subsequently,

the axial replacement stiffness of both is compared with each other. The replacement

stiffness of the path from bottom to top is estimated to be in the order of 109 N/m,

which is considered sufficient, as it is an order of magnitude larger than the expected

closed-loop stiffness (see Section 3.5.1).

Flexure-based guidance of test-mass

The flexure-based parallelogram that guides the test-mass has a stiffness in guiding

direction of approximately 54 N/mm, which results in an extra operational load of

±400 N at the end-strokes. Moreover, the plate springs of a single parallelogram will

deflect and shorten during motion, resulting in a parasitic motion. The parasitic motion

of the test-mass perpendicular to the actuation direction can be estimated with (2.11)

and is approximately 170 µm at a stroke of ±7.5 mm. With a lateral strut stiffness

of approximately 1.3 · 104 N/m, this results in a varying lateral force on the PACT

output interface of less than ±3 N over a stroke of ±7.5 mm, which can be considered

negligible during testing.
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4.1.3 Electronics and software

A PACT 19-inch electronics box is used, which was designed for the previous proto-

types, with two 24 V, 5 A power supplies. The first power supply supplies 24 V to

the VCA amplifiers (three linear Trust TA105-A14 amplifiers, one for each VCA). The

second power supply takes care of the BLDC motor drivers of each PACT and the limit

switches. Maxon EPOS2 24/2 boards are applied as BLDC-motor drivers, which are

configured with accessory software. Voltage dividers are applied to reduce the 24 V

output to Transistor-Transistor Logic (TTL) level (5 V) for dSpace. Furthermore, a

dSpace system (DS1005 PPC board) is applied, in combination with a desktop with

dSpace ControlDesk, Matlab version 2011b, and Matlab Simulink.

4.2 Functional tests

The first functional test was the (re)calibration of the linear optical encoders of all

unloaded PACTs for light intensity. Moreover, the encoder alignment over the stroke

has been verified to be sufficient.

Next, the maximum possible stroke of each actuator was assessed by moving the BLDC-

motor step-by-step to multiple positions (open-loop). From ±7.5 mm, the BLDC-

motor was rotated manually, which was possible due to the rotating housing of the

motor-encoder combination. As every rotation of the BLDC-motor results in a vertical

translation of approximately 1.8 µm, the mechanical end-stops can be found without

damaging the bearings (which is very well possible with the BLDC-motor and gearbox

combination, as the CS actuator is capable of generating an axial force of 36 kN, while

the maximum specified load is only 2.7 kN). Furthermore, the switching behaviour of

the inductive limit switches was tested. Homing is done on the mid-reference mark of

the optical encoder, using the information of the limit switches to determine if PACT is

above or below mid-position. After homing, the relative distance of the PACT output

interface to the PACT housing, designed to be 10.2 mm, is determined with a Vernier

caliper, which gives an indication of absolute homing position. The results of the

functional tests can be found in Table 4.1.

Note that the inductive limit switches fail to serve as an end-of-range fail-safe, which is

incorporated in the software. Probably, the target surface of the limit switch target is

too large, as switching at PACT Atlas 2 occurs near the positive end-stroke limit. Fur-

thermore, switching does occur around home position in all prototypes, which proves

that the limit switches are functional. Therefore, the limit switch target probably needs

some machining to enable this functionality. Moreover, a difference in switching posi-

tion (‘switching gap’) of at least 0.1 mm is found, when moving from below midpoint

towards midpoint (denoted by ‘from - to +’ in Table 4.1) or when moving from above

midpoint towards midpoint (denoted by ‘from + to -’). The limit switches are thus

primarily useful as an aid for fast(er) homing. For end-range detection, mechanical

contact switches would probably be more fail-safe.
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Table 4.1: Functional test for PACT Atlas 1, 2, and 3.

PACT Atlas 1 Atlas 2 Atlas 3

Max. negative stroke [mm] -7.92 -7.62 -8.00

Limit switch out of range no no no

Max. positive stroke [mm] 7.71 7.90 7.74

Limit switch out of range [mm] no 7.75 no

Home position w.r.t housing (Vernier) [mm] 10.35 10.15 10.35

Inductive sensor switching after homing on encoder reference mark

from - to + [mm] -0.56 0.18 -0.65

from + to - [mm] -0.68 0.05 -0.80

Switching gap [µm] 120 130 150

4.3 Frequency response measurements

To determine the actual dynamic behaviour, frequency responses of the PACT fine

stage (FS) are measured in the experimental setup. In analogy with [96], the FRFs

are obtained in open-loop by perturbing the FS, while the coarse stage (CS) is set

at a certain position. The PACT orientation with respect to the gravity vector has

been fixed mechanically. The FS is perturbed by adding low-pass filtered noise w, with

a cut-off frequency of 300 Hz and a gain of 0.1 N, to the VCA input. The force is

converted to a current by using the force constant kf of the VCA. By measuring the

resulting displacement z of the linear optical encoder, the FRF can be calculated by

Hi(jω) =
Szw(jω)

Sww(jω)
, (4.1)

i.e., from the ratio between the cross-power density Szw and auto-power density Sww
of the two signals, valid around the nominal operating point i.

This measurement is repeated for different CS positions to determine the position

dependent behaviour of each PACT. Eventually, these measurements are repeated by

varying the orientation of PACT with respect to the gravity vector.

4.3.1 FRF at horizontal orientation

The frequency response of PACT Atlas 1 at horizontal orientation (angle of 0°), with

CS positions varying over the operational stroke, is depicted in Fig. 4.4a. The FRF

measured by the interferometer setup is depicted in Fig. 4.4b. The observed FRF of

the latter differs from the former, as the interferometer measures on the back of the

test-mass.

The FS decouples from the weight compensation around 13 Hz, while the anti-resonance

can be found around 69 Hz. Furthermore, a resonance can be found at 210 Hz, al-

though barely visible, which is not depending on the position of PACT. This resonance
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(a) FRF from VCA to linear encoder.
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(b) FRF from VCA to interferometer

Figure 4.4: Measured FRFs of PACT Atlas 1 at horizontal orientation (0°), as function of CS position.

Dark blue is in retracted position, dark red is in extracted position.

was not found in the modal analysis, and cannot be explained at the time of writing.

The parasitic and position-dependent dynamics between 315 Hz and 390 Hz, however,

were predicted with modal analysis. The decrease in eigenfrequency of the parasitic

dynamics over the operational range is smaller than expected. Around 480 Hz and

540 Hz, PACT decouples from the test-mass.

The measured open-loop stiffness varies slightly over the measured range. From the

open-loop stiffness, measured by either the interferometer (c′ax,IF ) or the linear optical

encoder (c′ax,enc), the axial stiffness of PACT (cp) can be derived using the model as

described in Section 2.2.1 (Fig. 2.5) using

c′ax,IF =
cp · ct + cp · cs + ct · cs

cs
,

c′ax,enc =
cp · ct + cp · cs + ct · cs

ct + cs
.

(4.2)

Here, ct is the guiding stiffness of the test-mass guidance (54 · 104 N/m) and cs is

the stiffness of the strut connecting PACT and the test-mass (1.5 · 107 N/m). The

axial stiffness cp of PACT Atlas 1, derived from the measurements, varies between

approximately 3.1 · 105 N/m and 2.9 · 105 N/m (both determined at a frequency of

2 Hz). This is close to the designed axial stiffness of 3.3 · 105 N/m (determined with

a thickness t of the thick plate springs of 0.9 mm). However, in the prototypes, a

thickness t of 1.0 mm is applied for the thick plate springs, resulting in an estimated

axial stiffness of 4.3 · 105 N/m. Therefore, the axial stiffness of PACT Atlas 1, with

the thicker-than-designed plate springs, is much lower than expected. Fortunately, the

axial stiffness of the prototypes is very close to the designed axial stiffness.
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More research is required to determine where this decrease in stiffness comes from.

Velocity limitation optical linear encoder

In the FRF measurement from VCA to linear optical encoder (Fig. 4.4a), higher har-

monics of the 13 Hz eigenfrequency are visible at the phase and the coherence plots,

while these are absent in the FRF from VCA to interferometer (Fig. 4.4b). This indi-

cates a linear encoder readout issue, which is validated as described below.

The maximum allowable velocity of the selected encoder system was 32 mm/s accord-

ing to the specifications of the manufacturer, with an input frequency of 50 MHz and a

resolution of 1 nm. However, the dSpace DS3001 board, to which the encoder has been

connected, has a readout frequency of 1.25 MHz, limiting the maximum permissible

velocity to approximately 1 mm/s. The velocity ẋ at a frequency f of 13 Hz with an

amplitude A of approximately 5 µm was estimated with

ẋ = A · 2πf · cos (2πf) (4.3)

to be 0.4 mm/s, based on an analysis of the measurements in time-domain. As the

estimated velocity at 13 Hz is close to the specified maximum velocity, the higher har-

monics are very likely to be caused by a limitation in readout frequency.

Issues during closed-loop (performance) measurements are not expected, as the ve-

locity during tracking is in de order of 1.2 µm/s.

Comparison with FEA

Just as in Section 2.2.5, the FRF from VCA to linear encoder of the worst-case analysis

is compared with the FRF of PACT Atlas 1 at horizontal orientation, which is depicted

in Fig. 4.5.

Again, the two resonances around 8 Hz and 9 Hz are missing from the FEA-based

FRF, as the test-setup is missing in the analysis. The open-loop axial stiffness as

derived from the FEA-based FRF is approximately 3.5 ·105 N/m (based on a thickness

t of the thick plate springs of 0.9 mm), indeed resulting in a first eigenfrequency of

approximately 10 Hz. The axial stiffness as derived form the FRF measurements is

approximately 3.0 · 105 N, resulting in a first eigenfrequency of approximately 9 Hz.

Moreover, the reason why the decoupling frequency of the weight compensation is

shifted from 9 Hz to 13 Hz in the FRF measurements, is caused by the effect of the

test-setup (see Appendix B).

The shift in mass-line and anti-resonance of the FEA-based FRF, as was already found

in the dynamic analyses of Chapter 2, can also be explained by the absence of the

test-setup in the FEA model.

The first plate spring mode around 360 Hz of the FEA-based model is not present in

the measured FRF. Probably, the increased plate springs thickness in the prototypes
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Figure 4.5: Comparison of the measured FRF of PACT Atlas 1 from VCA to linear encoder at hor-

izontal orientation (blue to red lines), and the FRF based on the FEA model from VCA

to linear encoder (black line).

(from t = 0.9 mm to t = 1.0 mm) has increased this plate spring mode.

Furthermore, the eigenfrequency at which the test-mass decouples from the PACT FS

(just below 500 Hz) is slightly lower in the FEA-based FRF, because the previous strut

with a lower axial stiffness was used in the FEA model. Moreover, around 700 Hz and

1000 Hz, dynamics are present in both the measured FRF as the FEA-based FRF,

which are probably caused by excitation of the encoder readhead assembly.

In conclusion, the FEA-based dynamic analysis gives valuable information of parasitic

modes and flexible-body modes that can influence the performance. Moreover, the

test-setup is influencing the dynamics of PACT, especially the dynamics around 10 Hz,

which was already found in Chapter 2.

PACT Atlas 2 and 3 at horizontal orientation

The FRFs of both PACT Atlas 2 and PACT Atlas 3 are also measured. The measured

FRFs from VCA to linear encode of PACT Atlas 2 and 3, at horizontal orientation,

are depicted in Fig. 4.6.

In all figures, the higher harmonics of 13 Hz are visible in the phase and coherence

plots. However, differences in visibility with regard to actuator position are present.

Although alignment of the linear encoders was sufficient during all measurements,

more engineering is required to determine if encoder alignment has an influence on

these higher harmonics becoming visible in the FRFs.
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(a) FRF of PACT Atlas 2.
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(b) FRF of PACT Atlas 3.

Figure 4.6: Measured FRFs from VCA to linear encoder of PACT Atlas 2 and 3 at horizontal orien-

tation (0°), as function of CS position. Dark blue is in retracted position, dark red is in

extracted position.

To compare the differences between the PACT prototypes, the measured FRFs from

VCA to linear encoder at horizontal orientation of all three of them are shown in

Fig. 4.7. All FRFs depicted are taken around the home position (0 mm).

Although all three prototypes are designed to be identical, the FRFs of the three

prototypes differ significantly for high frequencies (≥500 Hz, from where the test-mass

decouples). The only differences in design between Atlas 1, 2, and 3 is that in Atlas 3

an other type of limit switch and accompanying mount is applied compared to Atlas 1

and 2. It is not likely that this difference explains the differences in dynamic behaviour

at high frequencies, as the limit switch mount is connected to the PACT housing top

plate. At high frequencies (≥500 Hz), the dynamic behaviour of Atlas 1 and 2 look

more similar to each other than the dynamic behaviour of Atlas 3.

The differences between axial replacement stiffness c′ax,IF and noteworthy resonances

below 500 Hz for the three prototypes, measured around home positions, are denoted

in Table 4.2. The largest differences are found between the strut decoupling frequencies

(around 500 Hz), and the non-position-dependent resonances. At PACT Atlas 2, two

resonances instead of one seem to be present around the location of the position-

dependent parasitic dynamics. Furthermore, a difference in anti-resonance frequency

is present between the prototypes.

Shift in anti-resonance

The difference in frequency of the anti-resonances between prototypes cannot be ex-

plained by the difference in open-loop axial stiffness of the PACTs, since the latter are
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Figure 4.7: Comparison of the measured FRFs of PACT Atlas 1 (blue), Atlas 2 (green), and Atlas

3 (red) from VCA to linear encoder at horizontal orientation around the home position

(0 mm).

Table 4.2: Differences between PACT Atlas 1, 2, and 3 around home position (0 mm).

PACT Atlas 1 Atlas 2 Atlas 3

Axial stiffness c′ax,IF at 2 Hz [N/mm] 352 350 345

FS decoupling fFS [Hz] 13.1 13.3 13.3

Anti-resonance far [Hz] 69 71 67

Fixed parasitic dyn. ffp [Hz] 220 209 232

Position-dependent parasitic dyn. fpd [Hz] 335 318 & 339 336

Strut decoupling fs [Hz] 500 485 525
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Figure 4.9: FRF of 1D 3DOF model from F to x with varying

strut stiffness cs.

almost identical. To determine whether this shift in anti-resonance can be explained

by variations in internal PACT stiffness, simplified 1D models are applied, see Fig. 4.8.

The dynamics of the pendulum are neglected in the models. The model parameters

mt, mp, mf , and ms denote the mass of the test-mass, moving PACT mass, non-

moving PACT mass, and sensor mass, respectively. The model parameters ct, cs, cp,

cf , and csens denote the stiffness of the test-mass parallelogram, strut stiffness, open-

loop PACT stiffness, non-moving PACT stiffness, and sensor stiffness, respectively.

In a collocated setup (Fig. 4.8a), the frequency of the anti-resonance can only be af-

fected by changes outside PACT. With the 3DOF model as shown in Fig. 4.8a can be

shown that only a difference in strut stiffness cs will cause a shift in frequency of the

anti-resonance in that particular model of the experimental setup (see Fig. 4.9). How-

ever, since the exact same strut is applied during the measurements of every prototype,

the 3DOF model cannot explain the shift in anti-resonance.

With a non-collocated 4DOF model (Fig. 4.8b), a shift in anti-resonance frequency can

be found by varying both the non-moving PACT stiffness cf and the sensor stiffness

csens. Increasing the stiffness of the former has a larger influence in shifting the anti-

resonance towards a higher frequency (Fig. 4.10a) than increasing the stiffness of the

latter has on shifting the anti-resonance towards a lower frequency (Fig. 4.10b). For

both configurations holds that if the eigenfrequency drops below the strut decoupling

frequency (around 500 Hz), the shift in anti-resonance is the largest.

Based on the simplified 1D 4DOF model, it is expected that both the shift in anti-

resonance frequency and the difference in high-frequency dynamic behaviour (≥500 Hz)
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Figure 4.10: FRFs of 1D 4DOF model from F to x with varying (a) the non-moving PACT stiffness

cf , or (b) the sensor stiffness csens.

between the prototypes can be explained by differences in axial stiffness of the non-

moving part of PACT and/or the encoder readhead assembly. As all three prototypes

are designed to be identical, this can only be explained by differences in axial CS

actuator stiffness, manufacturing tolerances, influence of assembly, or internal stresses.

Effects of tolerances on manufactured parts cannot explain the differences in stiffness.

Since the CS actuator has a form-closed bearing arrangement, the bearing-preload can

differ between prototypes, which would result a difference in CS stiffness. The influence

of differences in bolt preload between assemblies is questionable, because it is expected

that the bolt preloads will never be reduced to zero.

4.3.2 FRF at various orientations

Finally, frequency response measurements on PACT Atlas 1 at different orientations

with respect to the gravity vector are carried out. Seven measured FRFs of PACT

Atlas 1 at different orientations, ranging from 0° (horizontal) to 90° (vertical) in steps

of 15°, are shown in Fig. 4.11. All these FRFs are measured around home position

(0 mm). The axial open-loop stiffness cp at different orientations, measured at 2 Hz,

varies with almost 5% between 3.0 · 105 N/m and 2.9 · 105 N/m.

The differences in low-frequency behaviour (around 10 Hz) at different orientations can

be explained by the 1D model as described in Section 2.2.1. FRFs from VCA to linear

encoder at different orientations for this model are depicted in Fig. 4.12. The dynamic

behaviour from 12 Hz up to about 500 Hz is identical over the orientation angles. At

higher frequencies (≥750 Hz), larger differences between FRFs become visible. The

near-identical behaviour from 12 Hz up to about 750 Hz makes tuning of a robust and

high-performance controller over the whole operating range possible.
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Figure 4.11: Comparison of the measured FRFs of PACT Atlas 1 from VCA to linear encoder at dif-

ferent orientations around the home position (0 mm). Orientations ranging from 0° (dark

blue) to 90° (red) in steps of 15°.

4.4 Performance

To show the positioning performance of the prototypes, closed-loop measurements are

required. In this section, the controller design is described, based on the measured FRF

data of the previous section and the knowledge of the external disturbance spectrum

(Fig. 4.3). Finally, tracking performance is shown and recommendations are given.

4.4.1 Controller design

The controller design for PACT is based on the controller design as described in [96]:

two controllers are designed, one for the FS, and one for the CS. The FS controller

is designed with a focus on high performance, while the CS controller is designed for

low-frequent off-loading of the VCA.

Fine stage controller

The FS controller is designed using a loop-shaping technique. Based on experience [96],

on information of the measured open-loop FRFs, and on the open-loop PSD of the error

(Fig. 4.3), the first controller is designed based on the following controller features:
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Figure 4.12: Frequency response functions of the analytical model from VCA to linear encoder at

different orientations.

� a lead-lag filter, to generate a phase lead in view of closed-loop stability,

� two integrators, to get rid of the low-frequency contribution of the wind forces,

� the control bandwidth as high as possible to suppress mid-range frequencies,

while satisfying a 6 dB modulus margin for robustness,

� one or more low-pass filters, to filter high-frequency noise sources and to obtain

stability.

Inverse notches, to suppress induced vibrations at low frequencies (around 8 Hz and

9 Hz) in closed-loop, are not applied. Unlike for the previous prototypes [96], they

hardly improve the tracking performance (see Section 4.4.2). However, a second low-

pass filter is applied, to suppress the high-frequency (≥500 Hz) disturbance sources

and to obtain stability. The spectral peak around 13 Hz in Fig. 4.3 coincides with the

resonance in the measured FRFs at which the FS decouples. This large open-loop gain

of the plant results in a suppression in closed-loop at that frequency. Hence, no action

is necessary in the design of the controller.

The FS controller parameters are tuned on the measured FRFs of PACT Atlas 2 in

horizontal orientation. Both the Bode plot and the Nyquist diagram of the open-loop

Hi(jω) · C(jω) are depicted in Fig. 4.13, which show the performance and robustness
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Figure 4.13: FS controller design - Bode diagram of the open-loop frequency response Hi(jω) ·C(jω)

(left). Nyquist plot of Hi(jω) · C(jω) (Right).

in frequency-domain. The control bandwidth is approximately 65 Hz. Closed-loop

stability of all loops can be guaranteed from the Nyquist plot, as the point (-1, 0) is

passed on the left-hand side [81]. The 6 dB modulus margin is visualised with the closed

disk around the point (-1, 0). On average, all Hi(jω) ·C(jω) remain outside the closed

disk, although it can be troublesome to assess the robustness due to measurement

noise around around the 71 Hz anti-resonance, which is the result of the bad coherence

around that same anti-resonance.

The same method is repeated for the two other prototypes. The controller parameters

of all prototypes are shown in Table 4.3.

In Section 4.3.1 was already found that the dynamic behaviour at high frequencies

(≥500 Hz) of PACT Atlas 3 was different from the high-frequency dynamic behaviour

of Atlas 1 and 2. Hence, the FS controller of PACT Atlas 3 required slightly differ-

ent controller parameters to guarantee closed-loop stability with sufficient robustness-

margins, resulting in a more conservative controller and a lower control bandwidth.

Coarse stage controller

A CS controller is required to position the CS over a large stroke. Moreover, the CS

controller has to minimise the power dissipation of the VCA, which is directly linked

to the force applied by the latter, see (3.1). The adapted control strategy is depicted

in Fig. 4.14, which is described in more detail in [96].

In summary, this control-approach basically creates a multiple-input-multiple-output

(MIMO) system, in which interaction between its inputs FV C and vDC and outputs
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Table 4.3: FS controller parameters.

PACT Atlas 1 Atlas 2 Atlas 3

Control bandwidth [Hz] 61 63 56

Gain [-] 4.0·106 4.0·106 2.5·106

Double integrator zero [Hz]: 24 24 20

damping [-]: 0.3 0.3 0.3

Lead-lag zero [Hz]: 24 24 20

pole [Hz]: 290 290 250

Low-pass filter, 2nd-order poles [Hz]: 71.0 72.0 67.7

damping [-]: 0.001 0.001 0.001

Low-pass filter, 2nd-order poles [Hz]: 520 505 300

damping [-]: 0.22 0.22 0.26

Figure 4.14: Block diagram of the combined FS and CS control [96].

y and FV C is possible in closed-loop. Sequential loop-closing [38, 81] can be applied

during controller design [96]. For the first loop-closing step, the FS control loop,

with a relatively high bandwidth, is closed. For the second loop-closing step, a low-

bandwidth controller CDC has been tuned. The velocity controller of the BLDC-motor

largely removes the effect of dry and viscous friction in the CS actuator, and therefore

has a linearising effect on the CS actuator plant. The CS plant thus behaves like

an integrator for low frequencies (from velocity to position). As the CS controller is

mainly designed for low-frequent off-loading of the VCA, the CDC consists of a gain

and a low-pass filter placed at 1 Hz. This results in a control bandwidth that is around

0.1 Hz. This CS controller is applied in every prototype.

4.4.2 Tracking performance

After implementation of the controllers, the tracking performance of the prototypes

in the experimental setup is assessed. The prototypes are subjected to a comparable

ELT relevant scenario as applied in [96]. Starting from the home position (0 mm), the

velocity is increased to a constant tracking velocity of 1.2 µm/s. Halfway through the

motion-cycle, the motion is reversed with the same tracking velocity in the negative

direction, until the home position is reached again. The measured closed-loop tracking
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Figure 4.15: Measured closed-loop tracking results in time-domain of PACT Atlas 2 - setpoint and

output (top). Tracking error (middle). VCA force and BLDC-motor velocity (bottom).

results of PACT Atlas 2 in time-domain are depicted in Fig. 4.15, while the tracking

results in frequency domain are depicted in Fig. 4.16. The duration of the measurement

is 900 s, covering more than 0.5 mm.

From Fig. 4.15 follows that the error during tracking generally stays below ±10 nm,

although the error during downward motion is larger than the error during upward

motion. During reversal of the motion, first the play in the gearbox is encountered,

which explains the error-peak of more than ±10 nm around 450 s. During downward

motion, the self-locking behaviour of the nut results in stick-slip-like behaviour of the

CS actuator, increasing the tracking error. Applying a force-closed preloaded nut might

reduce this stick-slip behaviour.

The bottom time plot shows that the BLDC-motor moves with a near-constant ve-

locity. However, an offset of the BLDC-motor velocity is present, which indicates an

offset in the voltage calibration of the BLDC-motor driver board. This also explains

the small offset in VCA force. By calibrating the BLDC-motor driver, it is expected

that this offset can be reduced. Furthermore, the suppression of the disturbances at

low frequencies by the VCA is clearly visible, dominated by wind disturbances. The

maximum required VCA force stays below ±2.0 N.
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Figure 4.16: Measured closed-loop tracking results in frequency domain of PACT Atlas 2 - PSD of the

error signal on the linear optical encoder and PSD of the interferometric reference data,

in blue and magenta, respectively (top). Left and right-integrated cumulative RMS of

the PSD, in solid and dashed, respectively (bottom).

Fig. 4.16 shows that PACT Atlas 2 satisfies the positioning requirements, as the posi-

tion error is exactly 1.7 nm RMS, measured by the optical linear encoder and filtered

with a 1 Hz high-pass filter according to ESO specifactions. From the PSD follows that

the error is dominated by contributions around 700 Hz. The low-frequency contribu-

tions around 8 Hz and 9 Hz can be suppressed further by adding some inverse notches,

like in [96]. However, this is not required to satisfy the 1.7 nm RMS requirement.

Moreover, suppressing these frequencies has ample effect and will likely not decrease

the RMS error with more than 0.2 nm. Furthermore, an almost negligible contribution

around 1100 Hz is visible.

In Fig. 4.16 also the PSD of the interferometric measurement is shown (magenta),

where the relative motion between test-mass and enclosed box (Fig. 4.1a) is measured.

The PSD of the interferometer is very similar to the PSD of the encoder for frequencies

ranging between 7 Hz and 50 Hz, except for the frequencies below 7 Hz. In the low-

frequency region (≤7 Hz) it is unknown which measurement is most reliable. The dif-

ferences between the interferometric measurement and the measurement with the linear

encoder at higher frequencies can be attributed to a difference in dynamics. Not sur-

prisingly, the broad spectral peak at 71 Hz coincides with the anti-resonance frequency

of the experimental setup, where the test-mass is moving, while PACT is standing

still, i.e., the interferometer measures displacement, while the linear encoder does not.
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(a) PACT Atlas 1 - ε =3.7 nm RMS.
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(b) PACT Atlas 3 - ε =1.9 nm RMS.

Figure 4.17: Measured closed-loop tracking results in frequency domain of PACT Atlas 1 and 3 - PSD

of the error signal on the linear optical encoder and PSD of the interferometric reference

data, in blue and magenta, respectively (top). Left and right-integrated cumulative RMS

of the PSD, in solid and dashed, respectively (bottom).

Moreover, the most error-contributing dynamics in the linear encoder (around 700 Hz)

are not visible in the interferometric measurement. Furthermore, the high-frequency

region clearly shows that the noise-floor of the interferometer, having sub-nanometre

resolution, is lower than the noise-floor of the linear optical encoder. Nonetheless, the

RMS positioning error of the interferometric measurement is only 2.6 nm RMS (not

shown in Fig. 4.16).

The closed-loop tracking measurements are repeated for PACT Atlas 1 and 3, of which

the results in frequency-domain are depicted in Fig. 4.17. The RMS positioning errors

of Atlas 1 and 3 are 3.7 nm RMS and 1.9 nm RMS, respectively. The small increase

in error of PACT Atlas 3 was expected, as the bandwidth of the accompanying FS

controller is about 10% lower. However, the error of PACT Atlas 1 increased with

more than a factor of two. Especially the error contribution at high frequencies of

PACT Atlas 1 around 700 Hz is significantly larger than for the other two prototypes.

Fig. 4.17b shows a more gradual increase of the error from 500 Hz to 700 Hz for PACT

Atlas 3, which does not come as a surprise, as in Fig 4.7 it was already shown that

the amplitude of the open-loop FRF between 500 Hz and 700 Hz was larger for Atlas

3 than for the other prototypes. Furthermore, for both Atlas 1 and 3, the error con-

tribution around 8 Hz and 9 Hz is slightly larger than for Atlas 2, but the increase in

performance will still be marginal if suppressed. The small error-contribution around

1100 Hz is more pronounced in Atlas 1 and 3 than it was in Atlas 2, but it is still

marginal and is thus not acted upon.

Note that the specific mode at 700 Hz was less visible in the measured FRF from VCA

to linear encoder, see for instance Fig. 4.7.

The positioning error can be decreased most effectively by decreasing the largest error-

contribution, i.e., the dynamics around 700 Hz. Therefore, the source of the 700 Hz

error contribution needs to be determined, as well as how these dynamics are excited.
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Figure 4.18: Sensitivity S(jω) of PACT Atlas 1 with FS controller.

As the error-contribution around 700 Hz is most profound in Pact Atlas 1, this proto-

type is analysed.

Error contribution at high frequencies

Already during the dynamic analysis of the redesign (Section 3.9) was shown that dy-

namics around 700 Hz are present. Moreover, from both the model-based FRF and the

FRF measurements from VCA to linear encoder (Fig 4.5), these dynamics were visible.

However, it was not expected that these dynamics would have such a large contribu-

tion to the total error. Therefore, the error contribution at high frequencies is analysed.

First the sensitivity S(jω), defined as S(jω) = 1
1+Hi(jω)·C(jω)

, of PACT Atlas 1 with FS

controller is analysed, which is depicted in Fig. 4.18.

From Fig. 4.18 it can be found that the sensitivity around 700 Hz is higher than

0 db, i.e., disturbances around 700 Hz will be amplified by the feedback-controlled FS

actuator. However, this amplification is of a different order of magnitude than the con-

tribution of the dynamics around 700 Hz in the PSD. Therefore, the controller design

cannot be the cause of the error-contribution.

Next, measurements are carried out to determine the effect of the FS on the dynamics,

i.e., to determine if the dynamics will be excited by action or reaction forces of the

VCA. Measurements with a duration of 120 s are done at a fixed CS position of 2 mm
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(a) With wind load.
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(b) Without wind load, added disturbance.

Figure 4.19: PACT Atlas 1 measurement results in frequency domain of a closed-loop FS, open-loop

CS, at a CS position of 2.0 mm, 120 s duration - PSD of the error signal on the linear

optical encoder and PSD of the interferometric reference data, in blue and magenta,

respectively (top). Left and right-integrated cumulative RMS of the PSD, in solid and

dashed, respectively (bottom). Note that the (high-pass-filtered) error contribution at

low frequencies of the interferometer remains undiminished without wind-spectrum, indi-

cating that the low-frequency error contribution of the interferometer might be unreliable.

(without tracking), with a closed-loop FS, and an open-loop CS. These measurements

are both carried out with and without 2 m/s wind-loading acting on the FS. Even

with wind loading, the dynamics around 700 Hz are hardly excited, as can be seen in

Fig. 4.19a.

To determine whether external disturbances can excite the dynamics, a measurement

with a duration of 120 s is carried out at a fixed CS position of 2 mm (without track-

ing), with a closed-loop FS, and an open-loop CS, while an extra disturbance is added

by repeatedly ticking the PACT housing manually at the bottom interface plate. The

results in frequency-domain are depicted in Fig. 4.19b. The high-frequency dynamics

are clearly visible in this plot. Moreover, the absence of the wind loading is clearly

visible at the low-frequency region of the linear encoder PSD (Fig. 4.19b, blue line).

From Fig. 4.17a to Fig. 4.19, it can be concluded that the high-frequency dynamics

are excited by both the CS actuator and external vibrations, while they are hardly

excited by the VCA. Hence, it is not likely that a plate spring mode is the mode of

interest. Moreover, in the modal analysis was already found that multiple modes where

the encoder readhead assembly is excited are present around 700 Hz.

The VCA generates a symmetrical force, while external vibrations and the CS actuator

are not necessarily symmetrical. Therefore, it is very likely that the excited dynamics

around 700 Hz is an asymmetric mode of the encoder readhead assembly.

From the modal analysis, an asymmetrical eigenmode is found just below 700 Hz

(see Fig. 4.20) where movement of the FS is negligible (i.e., not excited by the VCA),
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Figure 4.20: Mode 13 of the modal analysis - bending of encoder arm (695 Hz).

while the CS actuator and the plate where the CS actuator is connected to are slightly

deforming (i.e., excited by an asymmetric disturbance for which the modal input value

qm13 is non-zero), and the encoder arm is excited in vertical direction (i.e., a large

modal output value ym13). Multiplication of the modal input and output value at the

resonance frequency around 700 Hz will likely result in a strong peak in the FRF (from

asymmetric disturbance to linear encoder). Therefore, it is almost certain that the

mode of interest is a mode where the encoder arm is excited.

Note that in the dynamic analyses of both the previous TNO prototype and the re-

design, the main focus was put on the effect of the action and reaction path of the FS

actuator to the linear optical encoder, and more specifically on the parasitic dynamics

up to the decoupling frequency of the test-mass (around 500 Hz). More focus should

go to the effect of the CS actuator and the external disturbances on the dynamics, also

up to higher frequencies.

4.4.3 Suggested improvements

Classically, there are three solutions to influence dynamics. Eigenfrequencies can be

shifted to higher values by increasing the stiffness or by decreasing the mass. The

third solution is to damp the eigenmode(s) of interest. However, as described in Sec-

tion 2.2.4, both the modal input and the modal output have an effect on the dynamics

that become visible in an FRF. Therefore, a fourth solution can be introduced, which is

altering the design in such a way that the problem modes cannot be excited any more

(reducing the modal input value qmi), in this case by asymmetric modes, by making

the design symmetrical.

Solutions to decrease the effect of the dynamics around 700 Hz are proposed below.
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Figure 4.21: Encoder arm (light grey) and ob-

structing elements (dark grey) at at

a distance of ±8.5 mm with PACT in

mid-position.

L
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Figure 4.22: Principle of constrained layer

damping.

Due to time limitations, these solution are not implemented, and merely serve as rec-

ommendations for improvement.

Damping: constrained layer damping

A solution to reduce the effect of the high-frequency dynamics on the total error is

by damping the excited modes, i.e., adding damping to the encoder arm. However,

collision between encoder arm and the FS should be avoided at all costs. Hence,

design volume is limited. A side-view of the encoder arm is depicted in Fig. 4.21,

including the obstructing elements at a distance of ±8.5 mm when PACT is in mid-

position. Furthermore, clearance at each side of the encoder arm is 2 mm. Therefore,

it is expected that a maximum of 1 mm can be added to either side of the encoder arm.

The princple of constrained layer damping is shown in Fig. 4.22. In constrained layer

damping, a visco-elastic material is sandwiched between a structure, in this case a

beam, and one or more constraining layers. Relative motion between beam and the

constraining layer results in periodic shear-reversal in the visco-elastic material, which

results in dissipation of energy. The concept of constrained layer damping was first

described in [66], and later extensively researched by Ross et al. [74]. Damping is most

effective when constrained layer damping is applied where the strain of the structure

is largest, and as far away as possible from the system neutral axis [54]. Moreover, for

simply supported beams, the energy is dissipated at a rate proportional to the shear

stiffness of the visco-elastic material, and inversely proportional to the layer thickness

of the same material [54].

Constrained layer damping can be applied to the encoder arm as a quick-fix for the pro-

totypes, fitting within the design volume, with minimum disassembly effort required,

and avoiding new parts to be manufactured. It is expected that a thin layer of visco-
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elastic material (t between 0.25 mm and 0.5 mm) in combination with an aluminium

sheet plate (t between 0.7 mm and 0.5 mm), bonded to the sides of the encoder arm,

will effectively damp the excited modes of the encoder arm.

E-A-R ISOLOSSTM SL-60300 is selected as visco-eleastic material, with a high shear

modulus and accompanying high loss-factor between 100 Hz and 10.000 Hz. Although

stainless steel has a three times higher in-plane stiffness than aluminium for a certain

thickness, aluminium sheet is chosen as constraining layer to minimise the added mass

to the encoder arm, which would decrease the eigenfrequency even more.

Decreasing mass and increasing stiffness

For the PACTs in the series, it is recommended to update the design to shift the dy-

namics of the encoder arm to higher frequencies, or make them non-excitable. It is

recommended to apply FEA-based modal analyses during the design update to find a

satisfying solution.

In the current design, the axial stiffness of the encoder readhead assembly is reduced

due to the relatively low bending stiffness of the encoder arm. The relatively low axial

stiffness and the mass of the encoder readhead (plus mount) at the end of the arm re-

sult in relatively low eigenfrequencies. The encoder arm has a height of 12 mm and is

not optimised for stiffness, nor for minimum mass. The wiring of the encoder readhead

runs through the encoder arm. Within the current configuration, multiple solution are

possible:

� increasing the axial stiffness by increasing the height of the arm (bending stiffness

scales with with H3). Tapering the arm, with the largest height at the base, i.e.,

the connection to the encoder tube, results in a more efficient use of the material,

simultaneously decreasing the mass at the end of the arm. The increased height

at the base provides a higher stiffness at the encoder tube,

� an aluminium honeycomb sandwich panel can be applied as encoder arm. These

panels are cost-effective, lightweight, and have a high stiffness perpendicular to

the panel. A plug with the diameter of the encoder tube can be used to connect

the sandwich panel to the encoder tube,

� the encoder arm can be optimised for maximum stiffness and minimum mass,

using topology optimisation. The structure can be manufactured using additive

manufacturing, although this will make the encoder arm less cost-effective.

Alternatively, the encoder readhead assembly can be redesigned to a symmetrical de-

sign, making the assembly less susceptible to excitation caused by asymmetric distur-

bances (the modal input value qmi for asymmetric forces becomes zero), decreasing

the relative amplitude of the eigenmode (the modal output value ymi reduces), and in-

creasing the axial stiffness (increasing the eigenfrequency). For the proposed solution
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(b)(a)

Figure 4.23: Suggested design improvement for the readhead assembly - (a) PACT Atlas. (b) Sym-

metric design with three arms protruding the FS, connected to the top plate with three

A-frames.

below, a more radical design update on the FS and the readhead assembly is required.

One must strive for a light and stiff design.

A symmetric design is proposed in Fig. 4.23 where a readhead mount with three arms

is protruding the FS tube. The three protruding arms are connected to a tripod (three

A-frames). When the tripod is connected to the top plate or even to the outer tube,

the overlap of the structural loop and the metrology loop is decreased with respect to

the current design.

4.5 Concluding remarks

During functional testing of the prototypes, it was found that the application of induc-

tive limit switches as end-of-range sensors needs improvement. Most likely, adjustment

of the limit switch target is required to enable the proper functionality of the end-range

inductive sensors. An inductive sensor is beneficial for mid-range detection within

±0.1 mm range, and therefore primarily useful for fast homing. It is recommended

to investigate the possibility to apply a proximity sensor as used in smart-phones as

mid-range detection to decrease the overall costs without losing the functionality. For

end-range detection, it is recommended to apply more cost-effective mechanical contact

switches, e.g., HDT series micro switches.

Frequency response measurements of three prototypes in an experimental setup are

carried out, closely resembling the behaviour of a single PACT within the M1SS as-

sembly.

All three prototypes have an axial open-loop stiffness of approximately 300 N/mm

in mid-position, which varies ±3% over the stroke. The variation in axial open-loop

stiffness between prototypes, compared at identical CS positions, is less than 3%. The

variation in axial open-loop stiffness of a single prototype, measured at different orien-

tations, is less than 5%.

For one of the prototypes, FRF measurements are carried out while the orientation with
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respect to the gravity vector is varied, showing a constant dynamic behaviour up to ap-

proximately 500 Hz. Furthermore, a comparison between frequency response measure-

ments of all prototypes in horizontal orientation is made. Although the three prototypes

have been designed to be identical, some differences in dynamic behaviour between pro-

totypes have been found. Among others, a small difference in anti-resonance frequency

is found between the prototypes. As shown with a simplified 1D 4DOF model, this

is probably caused by differences in axial stiffness of the non-moving part of PACT,

e.g., the CS actuator. Position-dependent dynamics are present around 330 Hz. Larger

differences between prototypes can be found in the high-frequency region (≥500 Hz),

especially the dynamic behaviour at high frequencies of PACT Altlas 3 seems to dif-

fer from the other two prototypes. Overall, the results of the FRFs indicate that the

dynamic behaviour of PACT Atlas is nearly constant over the operating range and at

different orientations.

The FEA-based dynamic analysis gives valuable information of parasitic modes and

flexible-body modes that can influence the performance.

The focus of the dynamic analyses in this thesis was laid on the effect of the dynamics

on the transfer from VCA force to linear optical encoder, and more specifically on the

parasitic dynamics up to the decoupling frequency of the test-mass (around 500 Hz),

while more research is required into the effect of disturbances introduced by the CS

actuator and external vibrations, also up to higher frequencies.

Based on the measured dynamics, knowledge of the external disturbances, and experi-

ence with previous prototypes, a high-performance FS feedback-controller is designed

for each prototype, and a CS controller with a low control bandwidth is implemented.

Eventually, an ELT-relevant tracking experiment has been described. A positioning

error of 1.7 nm RMS in the presence of both frame vibrations and wind disturbances

has been obtained with one of the prototypes, satisfying the position accuracy require-

ment. The positioning performance of the other two follow closely, with 3.7 nm RMS

and 1.9 nm RMS for PACT Atlas 1 and 3, respectively. The tracking performance of

all prototypes can be improved by increasing the complexity of the FS controller: by

adding two inverse notches around 8 Hz and 9 Hz, the performance can be improved

by approximately 0.2 to 0.3 nm RMS. However, the major error-contribution comes

from excited dynamics around 700 Hz. From subsequent measurements and compar-

ison of the FEA model is found that it is very likely that the dynamics stem from

the excitation of the encoder readhead assembly. Moreover, the dynamics seem to be

excited only minimally by the VCA action and reaction path, but primarily by the CS

actuator and (asymmetric) external disturbances.

Recommendations for improving the tracking performance of all PACT prototypes are

given. Four different solutions are proposed to influence the dynamics around 700 Hz.

It is proposed to apply constrained layer damping to the sides of the encoder arm as

a quick-fix for the prototypes. For the PACT in series, it is recommended to update
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the design of the encoder readhead. Either by increasing the stiffness and decreasing

the mass of the encoder arm in the current configuration, or by making the encoder

readhead assembly symmetrical, simultaneously increasing the axial stiffness (increas-

ing the eigenfrequency), making the design less prone to asymmetric excitation (the

modal input value qmi for asymmetric forces becomes zero), and decreasing the relative

amplitude of the eigenmode (the modal output value ymi reduces). This underlines why

one should strive for a symmetric (light and stiff) design when designing for dynamic

behaviour [33, 73, 77, 82].

As already mentioned in Chapter 3, the overall dynamic behaviour will improve by

decreasing the mass at the end of the plate springs, as plate spring modes will shift to

higher frequencies.

The closed-loop performance results indicate that a position accuracy of 1.7 nm RMS

or lower is feasible. However, this position accuracy is measured by the internal PACT

encoder. Although the RMS positioning error of the interferometric measurement,

measuring between test-mass and the enclosed box and therefore already including

some dynamics, is also in the nanometre range, this does not necessarily imply the

same positioning performance at the point of interest, the M1 segment surface. The

amount of dynamics between PACT and the M1 segment optical surface is larger than

in the experimental setup, which could be excited by external vibrations, even if PACT

is standing still.

4.5.1 Recommendations and future work

Three functional PACT prototypes are designed and individual performance is as-

sessed. An assembly of the three PACT Atlas prototypes and the M1 segment support

(M1SS) engineering model is depicted in Fig. 4.24. Preliminary FRF measurements

on the assembly look promising. In Fig. 4.25, FRFs from VCAs to linear encoders of

all PACT prototypes in the M1SS assembly are depicted, which are comparable with

an orientation of 90°in the test-setup. Only the magnitude is shown. From this figure,

it can be concluded that the dynamics is very constant over the stroke. Moreover,

the clocking mode of the M1SA around 30 Hz (θs) and lateral modes around 50 Hz

(xs, ys) are barely visible and have ample influence on the frequency response from

VCA to linear encoder. Moreover, the FRFs are in agreement with the experimental

setup up to 100 Hz, which indicate that the experimental setup is representative for

the M1SS assembly. The difference in high-frequency dynamics is mainly caused by

the additional dynamics of the M1SS.

It is expected that a high-performance FS controller can be implemented, with a con-

trol bandwidth between 15 Hz and 40 Hz.

Furthermore, more experiments are required to assess if the prototypes satisfy the

(other) requirements.

Lateral stiffness (over the stroke) is not assessed. Based on a manually induced lateral



4.5. Concluding remarks 129

Figure 4.24: Assembly of the three PACT Atlas prototypes and the ELT M1 Support Structure (TNO

Design). Photo by Henri Werij, TNO.
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Figure 4.25: FRFs from VCAs to linear encoders in the ELT M1SS assembly, which are comparable

with an orientation of 90°in the test-setup. Dark blue is in retracted position, dark red

is in extracted position. Magnitude only.
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force and visual inspection it is expected that the lateral stiffness is higher than in the

old TNO prototypes (e.g., PACT γ). A dedicated test-setup is required to measure the

lateral stiffness over the stroke with (sub)micrometre resolution.

In Chapter 3.6, an estimation of the power dissipation is presented. The dissipated

power at the VCA can be estimated for any given tracking experiment by converting

the voice coil force into power using the motor constant of the VCA, and integrating

the power to an RMS value. However, first the offset needs to be resolved by calibrating

the BLDC-motor driver. The power dissipated by the BLDC-motor, which will only be

in the order of mW during tracking, can be determined in a similar way: the required

current I and the rotation velocity can be measured, which, in combination with the

motor properties, can give a proper estimate of the power dissipation. For the linear

optical encoder and the inductive sensors, values of the manufacturers are assumed.

As already touched upon in Chapter 3, for each PACT a position theoretically exists,

where the preload on the nut by the plate springs can be lost, which can result in

rotating of the force vector. The influence on the positioning performance needs to be

determined. A solution is already proposed in Section 3.10, i.e., applying a force-closed

preload by applying a concertina between two nuts. However, a redesign of the CS ac-

tuator would be required.

Finally, one or more of the prototypes need to be tested under survival-conditions.

When all relevant measurements are carried out on the prototypes, accelerated lifetime

tests under operational-conditions are required to asses the lifespan of different com-

ponents, especially of the CS actuator.

If nanometre-level positioning accuracy by the PACTs at the M1 segment should be

guaranteed, position measurements at M1 segment-level are required. A proposed solu-

tion is the bonding of multiple accelerometers to the back of the segment. As a result,

measurements at segment-level are possible.



Chapter 5

Discussion, conclusions and

recommendations

In the previous chapters, the analysis, redesign, realisation and testing of a soft and

cost-effective position actuator for ELT M1 segments have been shown. In this chapter,

the main results will be summarised in the discussion and conclusions will be drawn.

Furthermore, recommendations and suggestions for future work are given.

5.1 Discussion

ELT PACT prototypes have been designed by TNO in de past [96]. Based on measured

frequency responses, it was found that the dynamic behaviour of the latest prototypes

could be improved upon. With FEA-based dynamic analyses, it has been shown that

the parasitic dynamics of the previous prototypes are caused by rotation modes. The

focus of the dynamic analyses was laid on how design-specific loadcases affect the dy-

namics, and a systematic way of finding these influences by separating the modal input

and the modal output. The parasitic dynamics have been made visible in simulated

frequency response functions (FRFs), making use of a worst-case combination of load-

cases. Especially asymmetric forces and forces in the cross-talk directions have a large

influence on the excitation of the parasitic modes. The rotation modes are a result of

the absence of a proper linear guidance of both the coarse stage and the fine stage.

Based on a high-level comparison of PACT dynamics between a soft and a hard fine

stage, it has been shown that the positioning accuracy and the smoothness of the

coarse stage actuator has a major influence on the positioning performance of PACT.

Therefore, a soft actuator is chosen as baseline concept for the ELT PACT, since frame

vibrations are better rejected, and the motion quality of the coarse stage actuator is

less critical than for a hard actuator.

A cost-effective PACT design with a low open-loop axial stiffness is proposed and
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realised. To minimise costs, the selected concept is primarily built from standard alu-

minium plates and tubes, and most plates are machined from a single side. To ease

assembly, most parts, aligned by cylindrical fits, can be slid on stud bolts before fix-

ating. To overcome the large dynamic range, a dual-stage design concept has been

adopted. For the fine stage (FS), a voice coil actuator (VCA) is selected, which results

in frictionless motion and no hysteresis. A commercially available leadscrew drive is

applied as coarse stage (CS) actuator.

A flexure-based straightguide, based on sharp-folded plate springs, is applied to min-

imise hysteresis and friction. A large stroke with a high lateral stiffness is attainable

using this type of straightguide. Both the FS and CS are straightguided with flexures,

and a weight compensation mechanism is integrated into this straightguide, parallel to

the VCA. This significantly reduces the force required during operation, as the gravita-

tional load on the position actuators is a function of the telescope elevation angle. To

maximise the lateral stiffness at the output, the plate springs at the top are mounted

close to the output. The lateral stiffness at the output is estimated to be 2.3 N/µm at

the end-stroke, and almost three times higher in neutral position.

The three PACT prototypes have sufficient stroke (more than ±7.5 mm) to reposition

the segment to its nominal position, compensating for the deflections of the underly-

ing telescope structure. In addition, at least one prototype provides the 1.7 nm RMS

positioning performance necessary for phasing the primary mirror in the presence of

wind and frame disturbances, and the other two follow closely, with 3.7 nm RMS and

1.9 nm RMS for PACT Atlas 1 and 3, respectively. As the positioning performance

is required in the presence of wind disturbances only, which have the largest effect at

low frequencies, it is likely that the positioning performance without frame vibrations

is even higher.

The parasitic dynamics are increased from 160 Hz and 290 Hz for the previous proto-

types, to approximately 410 Hz and 435 Hz for the redesign. Furthermore, the results

of the FRFs indicate that the overall dynamics are nearly constant over the operating

range. Overall, dynamic behaviour up to 500 Hz is improved upon compared to the

previous prototypes.

Although the overall dynamic behaviour is improved upon, the tracking performance

of all prototypes can be improved upon by eliminating the dynamics around 700 Hz.

It is very likely that the dynamics stem from the excitation of the encoder readhead

assembly, excited by disturbances induced by the CS actuator and (asymmetric) ex-

ternal disturbances. For the PACT in series, it is recommended to update the design

of the encoder readhead. Either by increasing the stiffness and decreasing the mass of

the encoder arm in the current configuration, or by making the encoder readhead as-

sembly symmetrical, simultaneously increasing the axial stiffness (increasing the eigen-

frequency), making the design less prone to asymmetric excitation (the modal input

value qmi for asymmetric forces becomes zero), and decreasing the relative amplitude

of the eigenmode (the modal output value ymi reduces).
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Preliminary FRF measurements on the M1SS assembly look promising in the sense

that eigenmodes of the M1SA are barely visible and have ample influence on the fre-

quency response. Moreover, the FRFs are in agreement with the experimental setup,

up to at least 100 Hz, which indicates that the experimental setup is representative

for the M1SS assembly. The difference in high-frequency dynamics is mainly caused

by the additional dynamics of the M1SA. It is expected that a high-performance FS

controller can be implemented, with a control bandwidth between 15 Hz and 40 Hz.

5.1.1 Limitations

Dynamic analysis

The focus of the dynamic analyses in this thesis was laid on the effect of the dynamics

on the transfer from VCA force to linear optical encoder, and more specifically on the

parasitic dynamics up to the decoupling frequency of the test-mass (around 500 Hz).

The effects of other inputs (e.g., disturbances induced by the coarse stage actuator, or

external vibrations) are underexposed. It is likely that if the effects of disturbances

introduced by the CS actuator and external vibrations, also up to higher frequencies,

were analysed in the design-phase, the performance degrading dynamics around 700 Hz

would have been recognised as such.

The FEA-based dynamic analyses are based on simplified FEA-models, which generally

resulted in an overestimation of the stiffness of (sub)components. This has resulted in

a present but acceptable difference between simulated and measured eigenfrequencies.

Furthermore, since the test-setup is not taken into account in the FEA-based modal

analysis, a shift in resonance and mass-line can be observed with respect to the mea-

sured FRFs. This has been validated with simplified 1D dynamic models in Ap-

pendix B. However, this possibly makes the interpretation and comparison of the

FEA-based FRF and measured FRF less obvious.

Design

A significant difference between the designed and the measured axial open-loop stiffness

was found. This is probably caused by the plate thickness of the plate springs being

smaller than described (for instance due to tolerances). Furthermore, a simplification

of intermediate parts in the FEA-based analyses can also have led to an overestimation

of the axial open-loop stiffness. However, the latter cannot explain the total difference

in axial stiffness.

Based on analytical equations, it was assumed that the change in axial open-loop

stiffness was (almost) negligible over the stroke, as the thin sharp-folded plate springs

only account for 1
10

of the axial open-loop stiffness. However, it has been shown that
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the three prototypes have an axial open-loop stiffness of approximately 300 N/mm in

mid-position, which varies ±3% over the stroke. The measured variation in axial open-

loop stiffness between prototypes, compared at identical CS positions, is less than 3%.

Moreover, the variation in axial open-loop stiffness of a single prototype, measured at

different orientations, is less than 5%. The change in axial open-loop stiffness over the

stroke is therefore not negligible. However, it is expected that the difference is small

enough to not pose a problem in practice. The difference in axial open-loop stiffness

between the prototypes is probably caused by tolerances on the plate spring thickness.

Power dissipation

The power dissipation of PACT is estimated to be lower than 1.0 W during tracking,

and lower than 5.0 W during slewing. Only when the electronics is placed at a con-

siderable distance from PACT (e.g., 10 m), PACT will satisfy these power dissipation

requirements. This assumption needs to be validated by checking on the effect of, for

instance, signal interference. Shielding should be applied when required.

5.1.2 Generalisation

Dynamic analysis

Dynamic analyses, similar to the dynamic analyses conducted in this thesis, can be

a valuable tool in the (concept) design phase of any instrument. The generation of

relevant frequency response functions (for instance for control purposes), based on a

FEA modal analysis, can give important information on performance limitations. By

separating the modal input and modal output, and conducting a worst-case analysis

based on design-specific loadcases, a systematic way of finding these limitations can be

found in an early stage of the design.

Concept

The soft and cost-effective position actuator concept as presented in this thesis might

be applied in other future ground-based segmented telescopes, for instance in emerging

countries, such as China or India.

Furthermore, a similar concept can be applied for the static or dynamic alignment

of instruments with different sizes and shapes, e.g., nanometre-accurate positioning of

extreme ultraviolet (EUV) optics in the semiconductor industry. Instead of designing

dedicated actuators for each mirror, different in size and shape and therefore different

in mass, a single actuator design can be applied that has a (nearly) constant open-loop

axial stiffness over the entire range. In this way, only a small portion of the range is

required for positioning, but a different portion of the stroke can be utilised for each

mirror.
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Sharp-folded plate springs

Sharp-folded plate springs can be applied as a flexure-based guidance in multiple ap-

plications. Main advantages are the possibility for a large stroke, an excellent stiffness

ratio (stiffness in non-driving directions over the stiffness in driving direction), and a

rotationally symmetric design. This straightguide can be cost-effective when assembled

by bent sheet metal, clamped at the ends. For the highest demanding applications, a

monolith can be applied to reduce hysteresis.

A possible application is as flexure-based straightguide of a simplified Kibble (watt)

balance [42, 71, 72], based on a ‘seismometer’ mechanism. Here, a flexure-based

straightguide needs to provide motion of a VCA coil over many millimetres whilst

providing sufficient sensitivity for precise weighing. In a current demonstrator [72],

two diaphragm flexures are applied. Sharp-folded plate springs can provide a larger

range of motion (see Appendix D).

For the design of the sharp-folded plate springs, basic plate spring equations can be

applied [25, 73] (see Section 3.5.3). However, FEA is required to validate the analytical

calculations.

5.1.3 Suggestions for further research

Prototype qualification

A high-performance FS controller needs to be designed that satisfies robustness mar-

gins at every operational orientation with respect to the gravity vector, and positioning

performance needs to be assessed again.

Furthermore, more experiments are required to assess if the prototypes satisfy the re-

quirements. Among others, the lateral stiffness over the stroke, the exact power dissi-

pation, and the effect of a loss of nut-preload on the positioning performance need to be

assessed. Finally, at least one prototype needs to be tested under survival-conditions.

When all relevant measurements are performed on the prototypes, accelerated life-

time tests under operational-conditions are required to asses the lifespan of different

components, especially of the CS actuator.

Experiments on M1SS

Performance on the M1 segment support prototypes needs to be assessed. Positioning

performance at the point of interest, being the segment surface, can be measured by

applying accelerometers to the segment surface.

5.2 Conclusions and recommendations

5.2.1 Conclusions

It has been shown that the design of a cost-effective ELT PACT, which satisfies the

main requirements, is possible. The prototypes are designed as rotationally symmetric
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as possible, with the exception of the encoder readhead assembly, where concessions

have been made. The measurement data indicate that the consequence of this design

choice results in the positioning performance not being met for all prototypes. In the

previous TNO prototypes, the encoder readhead assembly was designed as a rotation-

ally symmetric tripod. Although the first eigenfrequency of this tripod was found just

below 500 Hz (a lateral mode), it was not performance degrading, as the mode is

hardly excited by an asymmetric disturbance, and if so, the mode is excited to a lesser

extend. This underlines why one should strive for a symmetric (light and stiff) design

when designing for dynamic behaviour, which is in accordance with [33, 73, 77, 82].

Measurements and dynamic analyses support the notion that for an instrument with

nanometre positioning performance, concessions in the design with regard to symmetry

should be handled with care and are better avoided.

The closed-loop performance results indicate that a positioning performance of 1.7 nm

RMS or lower is feasible at PACT-level. Although the RMS positioning error of the in-

terferometric measurement, measuring between test-mass and the enclosed box, is also

in the nanometre range, this does not necessarily imply the same positioning perfor-

mance at the point of interest, being the M1 segment surface. The amount of dynamics

between PACT and the M1 segment optical surface is larger than in the experimental

setup, which is demonstrated with preliminary FRF measurements on the M1SS. These

dynamics could be excited by external vibrations, even if PACT is standing still.

If nanometre-level positioning accuracy by the PACTs at the M1 segment is required,

position measurements should be done at M1 segment-level. When multiple accelerom-

eters are bonded to the back of the segment, measurements at segment-level are pos-

sible, and the segment could be feedback-controlled using the PACTs.

Overall, 1D dynamic models effectively predict the basic dynamic behaviour of PACT,

including the effects of the experimental setup, orientation dependency, and (control)

possibilities and limitations.

The focus of the dynamic analyses in this thesis was laid on frequency responses from

voice coil actuator to linear optical encoder. Although it has been validated that the

parasitic modes were caused by rotational eigenmodes, based on the results of an FRF

generated from a worst-case modal analysis, a trained individual should be able to

indicate the rational modes as origin for the parasitic dynamics from a modal analysis

alone. Still, as less-obvious but influencing modes might be overlooked, as is the case

for dynamics around 700 Hz in the prototypes, generating frequency response func-

tions with relevant input-output combinations can give important information about

performance limitations in any design. Modal values Qm and Ym can be used to search

for components of influence in a systematic way.
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5.2.2 Recommendations

The tracking performance of all PACT prototypes can be improved. Four different so-

lutions are proposed to influence the dynamics around 700 Hz. For the PACT in series,

it is recommended to update the design of the encoder readhead. Either by increasing

the stiffness and decreasing the mass of the encoder arm in the current configuration,

or by making the encoder readhead assembly rotationally symmetric.

Furthermore, the overall dynamic behaviour can be improved upon by decreasing the

mass at the ends of the plate springs by choosing an other clamping method, i.e., by

applying lighter plates with a larger number of small-diameter rivets compared to the

present bolt number.

The prototypes differ slightly from the proposed design, as the two cardanic elements

that relieve the over-determined connection of the BLDC-motor to the CS are omitted.

In the prototypes, the centreline-alignment of the flexure-based straightguide and the

CS actuator is handled by imposing tighter manufacturing tolerances on the manufac-

tured parts. Although the effect on the positioning performance seems negligible, with

the additional advantage that the axial closed-loop stiffness is slightly increased, this

will very likely decrease the lifetime of the nut in an unacceptable way. Therefore, it

is recommended to apply a force-closed preloaded nut, even if this requires a redesign

of the CS actuator.
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at OpTIC Glyndŵr. Proc. SPIE, 8126, 2011.

[6] Baumer. Inductive sensors, 2015.

[7] A. v. Beek. Advanced Engineering Design - Lifetime performance and reliability.

TU Delft, 2015. ISBN 978-90-810406-1-7.
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Appendix A

Nanometre-accurate form measurement

machine for E-ELT M1 segments

Abstract

To enable important scientific discoveries, ESO has defined a new ground-based tele-

scope: the European Extremely Large Telescope (E-ELT). The baseline design features

a telescope with a 39-m-class primary mirror (M1), making it the largest and most pow-

erful telescope in the world. The M1 consists of 798 hexagonal segments, each about

1.4 m wide, but only 50 mm thick. In the last stages of the manufacturing process

of these M1 segments, a nanometre-accurate metrology method is required for the M1

to be within specifications. The segments have to be measured on their whiffle-tree

support structures with a nanometre-level uncertainty, with a budget on form accu-

racy of 50 nm RMS for any segment assembly. In this paper a measurement machine

design is presented based on a non-contact single-point scanning technique, capable

of measuring with nanometre accuracy, being universal, fast and with low operational

costs, providing suitable metrology for M1 segments. A tactile precision probe is im-

plemented to be able to use the machine in earlier stages of the segment manufacturing

process. In particular, this paper describes the design of the air-bearing motion system

and the separate metrology system based on a moving Sintered Silicon Carbide tube,

a fixed Zerodur® metrology frame and an interferometric system for a direct and short

metrology loop. Preliminary calculations show nanometre-level measurement uncer-

tainty after calibration.

A.1 Introduction

Worldwide, extremely large telescopes are considered one of the highest priorities in

ground-based astronomy to enable important scientific discoveries. ESO defined the

This appendix is a copy of the publication of Bos et al. [11]
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new giant telescope needed by the middle of the next decade: the European Extremely

Large Telescope (E-ELT). The baseline design features a telescope with a 39-metre-

class primary mirror, making it the largest and most powerful telescope in the world.

Details of the telescope and its requirements can be found in the E-ELT Construction

Proposal [26]. Metrology equipment with nanometre-level uncertainty is required for

the final metrology of the mirror segments, this is challenging in view of the required

dimensions of almost 1.5 m corner to corner.

After an introduction to the E-ELT primary mirror and some current metrology meth-

ods, a single-point scanning technique is proposed in Section A.1. The conceptual

design of the machine is described in Section A.2. Section A.3 shows the design of

the motion system and Section A.4 explains the design of the metrology system. Fi-

nally, an uncertainty estimation of a segment measurement, after calibration, is given

in Section A.5.

A.1.1 E-ELT primary mirror

The E-ELT primary mirror (M1) is an elliptical concave mirror with a diameter of

approximately 39 metres, an 11-metre central obscuration and a 69-metre radius of

curvature (ROC). The M1 mirror is made of discrete optical elements: the primary

mirror segments. The segments are near-hexagonal, maximum 1429 mm in size (corner

to corner), 50 mm thick (thickness at the centre) and made of low thermal expansion

glass. As the primary mirror is not spherical, the hexagonal segmentation pattern has

a six-fold symmetry. The segments are grouped in six sectors of 133 segments, thus the

primary mirror consists of 798 segments (see Fig. A.1). All 133 segments of a sector

are different in shape and optical prescription [26].

The reflective coating lifetime of a segment is about 18 months, which results in one or

two segments having to be replaced every day. Producing 931 segments, having seven

segments per family (133 families), allows for a realistic operation scheme. A segment

taken out of the telescope can immediately be replaced by another of the same family,

which has been prepared beforehand.

A.1.2 Segment assembly

A common support structure is used for the hexagonal segments. Slight counterweight

adjustments are needed to compensate for the segment in-plane shape variation between

the 133 segment families.

The segment and its whiffle-tree support form a segment assembly, together weighing

about 270 kg. The segment support is integrated into the segment. The segment

assembly is installed on a fixed frame assembly, which in turn is permanently attached

to the telescope’s main structure. Once installed on the fixed frame assembly, the

segment assembly is moved in piston and tip-tilt using three position actuators. The

fixed frame, as its name suggests, will stay fixed to the telescope’s main structure,

while the segment assembly will be extracted for maintenance purposes. Hence, the
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Figure A.1: Primary mirror segmentation pattern [26]. The segments are grouped in six sectors of

133 segments: all 133 are different in shape and optical prescription.

form of the segment on its segment support (the segment assembly) has to be measured

within the accuracy requirements. The prototype segment assembly as designed by

TNO [63, 64, 65] is depicted in Fig. A.2.

Segment

Whiffle-tree support

Figure A.2: The prototype segment assembly as designed by TNO [64, 63, 65]. A segment assembly

consists of a segment and a whiffle-tree support structure.

The first eigenfrequencies of the segment assembly are in the 30 to 60 Hz range. The

first eigenfrequency around 30 Hz is the rotation about the out-of-plane axis of the

segment (zenith).

A.1.3 Metrology requirements & current metrology methods

The optical quality of the segments must be outstanding. Nanometre form accuracy

is required with a fixed radius of curvature to be able to let the primary mirror act

as one large mirror. Non-contact, nanometre-accurate metrology equipment must be

available to be able to produce these segments. The maximum allowable form error of
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any segment assembly may not exceed 50 nm RMS. After removal of the focus, astig-

matism and trefoil [101] component this error may not exceed 15 nm RMS [26]. Note

that the maximum allowable measurement uncertainty is part of this budget, which

results in a required measurement uncertainty of less than 15 nm RMS.

Many techniques have been developed to measure mirrors and mirror segments for

the existing ground-based telescopes. One of the most promising techniques is mea-

suring the mirror segments using an imaging technique: Fizeau Interferometry with

Computer-Generated Hologram (CGH) correction [15]. Other techniques capable of

measuring Ø1.5 m segments consist of scanning techniques like swing-arm profilome-

ters and non-contact profilometers. Sub-aperture stitching is also possible, but is less

efficient at these dimensions. A brief summary of the three mentioned measurement

techniques is given below. Note that this description is not comprehensive, it is merely

intended to explain the need for other metrology techniques.

� Phase-shifting interferometry (PSI): PSI is a fast method with respect to mea-

surement time, as the whole surface is imaged at once. If the deviation from

spherical of the surface under test exceeds several micrometres, the fringes become

too dense to resolve, limiting the applicability of aspheres. Applying Computer-

Generated Holograms resolves this issue, but large test towers and long, sensitive,

beam paths are required in a classical PSI setup. Burge et al. [15] propose an

adapted setup with a spherical reference lens (Ø1500 mm) only requiring a 10 to

12 m test tower and decreasing the sensitive distance through air to 10 mm.

Although measurement times are very short, the accuracy and alignment of the

CGH and the large reference sphere are crucial for the accuracy of the measure-

ment. Errors in the CGHs (133 CGHs, one for every segment family) result in

systematic errors and also give problems with traceability, while an error in the

reference surface of the reference sphere has exactly the same impact as an er-

ror on the segment surface. Moreover, to create phase shift, the reference lens

is moved using piezo-actuators. While moving the reference sphere is preferred

over moving the segment assembly, this would still be at least 200 kg of moving

mass. Alignment of the segment itself is also crucial. Furthermore, this method

is labour intensive, as the CGH needs to be replaced and aligned again for every

segment. As several dozens of segments will be in process, all in different stages of

the manufacturing process, segments have to be measured in mixed order. This

can give rise to logistic problems.

Although measurement times are very short, setup, alignment and calibration

times will be long and therefore cost of operation will be high. The need for 133

different surface-specific CGHs makes this method non-universal.

The predicted accuracy of this method is around 14.4 nm RMS [15]. After remov-

ing the power and astigmatism component, the measurement errors are stated to

be 6.4 nm RMS.

� Swing-arm profilometry : a swing-arm profilometer [4] is able to scan a spherical
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surface using only two axes of rotation, whilst keeping the probe perpendicular to

a best-fit sphere. Aligning the rotation axis and the probe to the (non-physical)

centre of curvature of the surface is difficult, especially because the surface is

aspherical. A probe connected to a correctly adjusted swing-arm will always be

nominally normal to the surface under test if the surface under test is a sphere. In

the case of an aspheric surface, this no longer holds: the surface departure from

the adjusted sphere will be measured, enabling local distance and slope varia-

tions. Furthermore, the influence of gravity on the arm is continuously changing,

which results in changing forces and thus deflections during measurement. This

introduces uncertainty to the position of the probe.

Callender et al. [17] designed their NPL/UCL swing-arm profilometer using a

high-precision stage to account for the local distance and slope variations with a

wavefront curvature sensor or a Fisba µ-phase interferometer. The repeatability

they achieve is better than 40 nm. Although the Swing-arm Optical CMM at

the University of Arizona [84] claims rivalling performance with respect to the

Fizeau CGH interferometry test, it is expected to be challenging to satisfy the

uncertainty requirements due to the increased uncertainty on the position of the

probe.

� Non-contact profilers : One concept relies on a moving linear bridge that traverses

a probe across the diameter of the optic, measuring the slope across single-line

scans. OpTIC Glyndŵr designed an autocollimator-based profiler called OpTIC-

NOM [5] to measure the base radius of curvature of the prototype segments, but

it can also be used to determine the form of the segments. OpTIC-NOM is de-

signed to take slope and position data at discrete points and then integrate the

data to obtain a height profile across a scanned line. After a scan, the segment

can be rotated to measure another line. These lines can be stitched together to

obtain a 3D reconstruction of the surface form.

Although it is a simple concept and easy to implement, this method results in

long measurement times: it is only possible to scan one line at a time with low

velocities, which is time consuming. Therefore, uncertainty due to temperature

drifts can be large. Moreover, the limited range of the autocollimator can in-

troduce errors, as range and resolution are often linked, requiring more stitching

steps. Furthermore, for slope measurements, because of the required integration

of data, a high-density data set is required. Local surface form checks, by mea-

suring specific points on the surface, are not possible. Although the positioning

requirements of the sensor relative to the segment are less strict, the angular po-

sition of the sensor is critical to prevent systematic integration errors. ‘Because

the distance between the surface and the sensor is not known, the actual point of

measurement in space is difficult to determine, which leads to uncertainties for

the absolute dimensions and location of the part (radius of curvature, diameter

etc.)’ [35]. This could limit the potential of this non-contact profilometer as a

metrology tool for mass mirror production.
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Figure A.3: NANOMEFOS, completed machine prototype [35, 36]. This fast, non-contact, machine

is able to measure optics ranging from convex to concave and from flat to freeform, up to

500 mm diameter, with a measurement uncertainty below 15 nm RMS.

A.1.4 Single-point scanning technique

Many methods have been employed for aspheric metrology in the past and none is

pre-eminent. In terms of the requirements that are foreseen in the manufacturing of

large aspheric optics, metrology devices must fulfil demanding criteria. A successful

device will need the capability to measure apertures up to 1500 mm in diameter at a

reasonable speed with nanometre-level uncertainty. Furthermore, this technology must

be cost-effective and have low operational cost. None of the methods discussed so far

can satisfy all of the requirements per se. Therefore, a measurement machine based on

principles used in the successful NANOMEFOS [35, 36] (see Fig. A.3), a single-point

scanning technique, is proposed as an alternative to the full-aperture interferometric

test. The machine design is shown in Fig. A.4. It measures 3.0 m wide, 2.6 m deep

and is 1.5 m high. The total mass is approximately 12.5 tonnes.

It is expected that a single-point scanning technique is a more universal metrology

technique capable of measuring large measurement volumes within the required un-

certainty. With one or more suitable probe(s), a fast non-contact measurement will

be possible. Overall measurement time (including handling of the segment assembly)

and cost per measurement are minimised as alignment effort is reduced, and the mea-

surement is fully automated. Another advantage is that after initial calibration, no
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dedicated artefacts or CGHs are required in-between measuring consecutive segments.

Also, the implementation of a tactile precision probe eliminates the need of the CMM

in the earlier manufacturing stages of the segment assembly. Furthermore, being able

to measure all kinds of reference artefacts (with limited slope), the traceability to the

SI units of length could be guaranteed.

3.0 m

2.6 m

x

y

z

1.5 m

Figure A.4: Machine design overview. The machine measures 3.0 m wide, 2.6 m deep and is 1.5 m

high. The total mass is approximately 12.5 tonnes.

A.2 Conceptual design

In the proposed machine design, a non-contact optical probe is translated in a plane,

using an x- and y-translation (Fig. A.5). When a non-contact optical probe with a

dynamical range of at least 5 mm and an acceptance angle of at least ±1°is used, no

vertical translation (z) or probe rotations (φ, ψ) are necessary, as the maximal sag and

slope of a segment is approximately 3.7 mm and ±0.58° respectively. This minimises

the number of motion axes.

The design is based on a short and direct metrology loop. The 3D metrology setup

is depicted in Fig. A.6. All degrees of freedom of the segment assembly are measured

relative to a lower metrology frame, using capacitive probes measuring on metal blocks

bonded to the underside of the segment. The z-direction of the non-contact optical

probe is measured via a metrology mirror tube to the lower metrology frame using

three interferometer axes. Reflective bars are bonded to the base block of the lower
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Figure A.5: Machine concept: a non-contact optical probe is translated in a plane, using an x- and

y-translation. The concept is based on a direct and short metrology loop, measured by

the metrology system. The metrology mirror tube translates in the y-direction. The lower

metrology frame acts as a reference for the degrees of freedom of the segment assembly,

but also directly for the optical probe in x, y, φ and ψ-direction, and indirectly for the

optical probe via the metrology mirror tube in z.

metrology frame. The x, y, φ and ψ directions of the non-contact optical probe are

measured twice relative to these reflective bars using eight interferometer axes, to

obtain redundant data and thus reduce the measurement noise.

A measurement concept where a similar measurement in z-direction as in Fig. A.6

is already applied can be found in the design of an off-axis grinding machine [47,

94]. However, in the metrology concept of the proposed machine the x, y, φ and ψ-

coordinate of the probe relative to a lower metrology frame are measured directly on

the probe. Moreover, all degrees of freedom of the segment are measured, shortening

the metrology loop and separating it from the structural loop.

A.2.1 Machine concept considerations

Some fundamental choices can be made with regard to the characteristics of the mea-

surement setup. The chosen concept is an orthogonal setup with a translating probe,

which results in a 3D metrology problem. However, a rotating segment concept with

a translating probe, like the NANOMEFOS, would result in a 2D metrology problem

with minimal moving axes. Nevertheless, the rotating segment concept was rejected for

the following reason: the stiffness of the segment assembly is relatively low (107 N/m)

compared to the stiffness that can be obtained in the mechanical design of the machine

(108 N/m). The centripetal force will not only deform the segment support, possibly

changing the behaviour of the support, but also the segment itself, making it flat-

ter. This situation is not comparable with the situation in the telescope, making this

method less suited for the metrology of the segments. A preliminary analysis on the

effects on the segment assembly rotating with a constant angular velocity of 0.3 rev/s

was carried out by TNO. At the segment surface, the deformation in the z-direction is
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Figure A.6: 3D metrology concept. All degrees of freedom of the segment assembly are measured

relative to the lower metrology frame. The z-direction of the non-contact optical probe

is measured via a metrology mirror tube to the lower metrology frame using three in-

terferometer axes. Reflective bars are bonded to the base block of the lower metrology

frame. The x, y, φ and ψ directions of the non-contact optical probe are measured twice

relative to these reflective bars using eight interferometer axes, to obtain redundant data

and thereby reduce the measurement noise.

about 25 nm PV. The whiffle-tree support structure will deform about 5 µm in radial

direction. Because the first eigenfrequencies of the segment assembly are around 30 Hz

it is possible that the segment is excited in one of its eigenfrequencies during rotation.

This would result in a reduced repeatability of the measurement. Although rigid body

motion would be measurable, segment form and shape variation would lead to extra

uncertainty in the measurement.

Choices with regard to the metrology of the segments can also be made. The hexagonal

segments vary in size and the sides of the segments are not of optical quality, which

makes it impractical to measure the relative displacement or out-of-plane rotation(s)

of the segment to these planes: adding mirrors or sensors to the sides of the segment

will increase the mass at the most outer positions of the segment, resulting in an out-

of-specification segment due to the deformations imposed by gravity. Moreover, the

varying size of the segments change the measurement position for every segment fam-

ily, requiring an adjustment mechanism with a relative long stroke (14 mm) compared

to the measurement accuracy (some nanometres) with high stability. In addition, the

segment support is thermally and dynamically unstable, and therefore not suited for

metrology with nanometre-level accuracy. A solution that is capable of measuring

nanometre accuracies, adding a minimum of mass, that is easy to implement with

minimum modifications to the segment assembly design and that is able to solve the

problem with the varying segment sizes is the bonding of small metal blocks to the
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bottom of the segment, all on the same radius regardless of the segment size variation.

Capacitive probes placed in the metrology frame measure the displacement of these

metal blocks.

A.2.2 Coordinate system

To emphasise the orthogonal nature of the machine, a global Cartesian coordinate

system, like depicted in Fig. A.7, has been adopted. The coordinate system’s origin is

located in the centre of the hexagonal segment at the surface, as the segment surfaces

are (more or less) rotationally symmetric around the segment’s centre, and the form is

being measured at the surface.

Segment (S) 
Probe (P) 

x 

y 

z 

θ

ψ

φ

Figure A.7: Global Cartesian coordinate system definition. The coordinate system’s origin is located

in the centre of the hexagonal segment at the surface.

A.2.3 Error sensitivity

In analogy with [35] and [36], the segment surfaces are (more or less) rotationally sym-

metric. However, in the design, the probe does not have rotations, in order to minimise

the number of moving parts, so the probe is not always nominally perpendicular to the

surface (Fig. A.8). A position measurement error in tangential direction still results in

a second order error. A tangential error when measuring in the middle of the segment

results in a smaller error than a tangential error at the edges. The maximum local sur-

face slope is approximately 0.58°, which is also the maximum misalignment between

probe and surface, as the probe will remain parallel to the z-coordinate of the system.

The machine with its probe (P ) and the segment (S) can be seen as two bodies between

which the relative position needs to be determined. As the position of the segment and

of the probe will be measured with respect to a third body, the metrology frame,

this results in 12 Degrees Of Freedom (DOF) to be measured. The uncertainty of

the distance measurement of the probe itself must also be included. This gives us 13

DOF, with the metrology frame as a reference. For each of these, the resulting error

(normal and/or tangential) between probe and segment can be calculated as a function
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Figure A.8: Vertical and tangential error sensitivity (exaggerated ROC for illustration purposes). A

tangential error in the middle of the segment results in a smaller error than a tangential

error at the edges.

of position measurement error and surface geometry.

The errors resulting from tangential errors on a curved surface are almost negligible. For

the segments, the measurement uncertainty is therefore predominantly determined by

errors in normal direction. Only five degrees of freedom cause errors in normal direction,

as shown in Fig. A.9. These degrees of freedom determine the basic measurement

uncertainty for the aspherical segments, and are called the sensitive directions. The

sensitive directions are very challenging, but the expectation is that with a short and

direct metrology, it is possible to stay within the error budget requirements. The other

eight directions are referred to as the less-sensitive directions. Due to their reduced

sensitivity, these can be allowed to be an order of magnitude larger than the errors in

normal direction.

 

 

  δS,z 

δS,ψ 

 

δS,φ 

 

δP,z 

 

δP,d 

 

Figure A.9: Degrees of freedom that result in a displacement between probe and surface in normal

direction, i.e., the five sensitive directions.
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A.2.4 Error budget

In analogy with [35] and [36], when the error sources of the 13 degrees of freedom are

assumed uncorrelated and normally distributed, the position uncertainty in x, y and

z direction can be calculated with Equation B. Here, σi,j is the RMS error of part i

in direction j, where the part is the mirror segment (S) or the probe (P ). (X, Y , Z)

is the probe tip position and Lp is the length of the probe with respect to its point of

rotation (φ, ψ), which is depending on the bearing position of the x-stage, while the

θ-rotation of the probe around its optical axis has no influence on the uncertainty and

is therefore omitted.

σx =
√

(σS,x)2 + (σS,φZ)2 + (σS,θY )2 + (σP,x)2 + (σP,ψLp)2

σy =
√

(σS,y)2 + (σS,φZ)2 + (σS,θX)2 + (σP,y)2 + (σP,φLp)2

σz =
√

(σS,z)2 + (σS,ψX)2 + (σS,ψY )2 + (σP,z)2 + (σP,d)2

(A.1)

The form uncertainty in normal direction is equal to the position uncertainty in z-

direction, while the form uncertainty in tangential direction is the resulting vector of

the x and y-direction times the local slope αi where the subscript i stands for the local

slope direction:

σn = σz (A.2)

σt =
√

(σxαx)2 + (σyαy)2 (A.3)

If the normal and tangential form uncertainties are assumed uncorrelated, the total

form uncertainty is:

σtot =
√
σ2
n + σ2

t (A.4)

The error budget, after calibration and relative to the metrology frame, was iteratively

divided over the individual components (Table A.1). This table shows the influence of

the budgeted error on the total uncertainty for a minimal 0° slope at the middle of a

spherical segment and for a maximum 0.58° slope at the edge of the spherical segment.

This results in a mean uncertainty of 12.4 nm RMS.

A.2.5 Design overview

The machine design and its main parts are shown in Fig. A.10. The machine design

consists of two main systems: the motion system (see Section A.3) and the metrology

system (Section A.4). The extractor mechanism (Section A.3.4) is part of the mo-

tion system, while the probes (Section A.4.4) are part of the metrology system. All

subsystems will be described in detail in the corresponding sections.
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Table A.1: Error budget after calibration. Uncertainty calculations for a location near the middle of

a spherical segment (0° slope), at the edge of a spherical segment (0.58° slope) and of the

mean value.

DOF Budget (3σ) Uncertainty Uncertainty Uncertainty

α = 0° α = 0.58° mean value

[nm] RMS [nm] RMS [nm] RMS

δS,x 500 nm 0.0 1.7 0.9

δS,y 500 nm 0.0 1.7 0.9

δS,z 15 nm 5.0 5.0 5.0

δS,φ 0.05 µrad 6.0 6.0 6.0

δS,ψ 0.05 µrad 6.0 6.0 6.0

δS,θ 10 µrad 0.0 0.0 0.0

δP,x 500 nm 0.0 1.7 0.9

δP,y 500 nm 0.0 1.7 0.9

δP,z 15 nm 5.0 5.0 5.0

δP,φ 10 µrad 0.0 0.8 0.4

δP,ψ 10 µrad 0.0 0.8 0.4

δP,θ 10 µrad 0.0 0.0 0.0

δP,d 15 nm 5.0 5.0 5.0

Total Uncertainty (RMS) 12.1 12.6 12.4

A.3 Motion system

The motion system positions the optical probe relative to the segment in two degrees

of freedom. The optical probe is positioned in the measurement plane (x and y) via an

x-stage and a y-stage. An exploded view of the motion system is depicted in Fig. A.11.

The x-stage is guided via air-bearings on a guidance tube to define a frictionless and

repeatable motion. The guidance tube is connected to two y-carriages guided by air-

bearings that together form the y-stage. To minimise distortions and hysteresis, the

stages have force-closed air-bearing setups with separate position and preload frames.

Ironless linear motors are applied and high-resolution linear encoders are used for

position feedback.

A.3.1 Base & vibration isolation

The base consists of an assembly of granite blocks. The mass of the granite base

assembly is 8500 kg. The assembly is supported by four passive pendulum vibration

isolators. This setup results in a low centre of gravity.

A.3.2 x-stage

The x-stage provides the optical probe with six degrees of freedom. It constrains these

such that sub-µm uncertainty is achieved at the probe tip. The x, y, z, φ and ψ-

direction are measured by the interferometry system on the optical probe. The x-stage



158
Appendix A. Nanometre-accurate form measurement machine for E-ELT M1

segments

Motion system (Section 3) Metrology system (Section 4)

Probes (Subsection 4.4)

Extractor mechanism & 

mounting tool (Subsection 3.4)

Figure A.10: Machine design and its main parts. The machine design consists of two main systems:

the motion system (see Section A.3) and the metrology system (Section A.4). The

extractor mechanism (Section A.3.4) is part of the motion system, while the probes

(Section A.4.4) are part of the metrology system.

is aligned with four air-bearings to a vertical plane of the guidance tube, constraining

it in the y, φ and θ-direction, but, over-constraining it. The position frame to which

the bearings are connected has an internal degree of freedom to eliminate this over-

constrained direction. Two bearings aligned with the lower horizontal plane constrain

the x-stage in z and ψ-direction. The x-direction, which is the direction of motion, is
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x-stage (Subsection 3.2)

y-stage (Subsection 3.3)

Base & vibration isolation

 (Subsection 3.1)

Figure A.11: Exploded view of the motion system. The motion system is divided in an x-stage, a

y-stage and the base with vibration isolation.

constrained by the linear motor with its servo-stiffness. The maximum stroke that the

x-stage is capable of is 1510 mm, the mass of the x-stage is 15 kg and it is designed to

move with accelerations up to 10 m/s2.

The x-stage front and back view are shown in Fig. A.12. The optical probe (1) with

optics for the interferometry system is connected to the position frame (2) of the x-

stage. In this position frame, a hole (3) is machined for weight reduction. In the

position frame, an internal degree of freedom (torsion) is introduced to obtain a well-

constrained stage. To the position frame, six Ø65 mm air-bearings (4) are mounted

tilt-free. The preload frame consists of two stiff frames (5) connected via plates (6).

The preload bearings are of the piston type, opposing the position bearings. The coil

unit of the linear motor (7) is mounted on the position frame, between two bearings.

In Fig. A.13 a side view of the x-stage is given, including both the guidance tube (1)

and the metrology mirror tube (2). Also the linear motor (3), which is driving through

the centre of mass of the x-stage, is visible. The linear encoder system (4) that is

used for position feedback of the stage is mounted on the metrology mirror tube. The

position frame (5) is designed as light and as stiff as possible. The stiff profiles of the
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preload frame (6) are also visible. The power, data and air supply are guided via the

cable-unit (7) that runs through a U-frame guidance (8). Two cable-units run through

the guidance, to balance the reaction forces. A tactile probe (9) is added next to the

optical probe.
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Figure A.12: x-stage assembly. 1: optical probe, 2: position frame, 3: weight reduction, 4: air-

bearings, 5 & 6: preload frame, 7: linear motor.
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Figure A.13: x-stage - side view. 1: guidance tube, 2: metrology mirror tube, 3: linear motor, 4:

linear encoder precision scale, 5: position frame, 6: preload frame, 7: cable-unit, 8:

U-frame guidance, 9: tactile probe, 10, 11 & 12: air-bearings.



A.3. Motion system 161

The orthogonal configuration of the four air-bearings (10 and 11) to the right and

bottom plane in Fig. A.13. constrain the y, z, ψ and θ movement. These bearings are

placed close to the optical probe to obtain a stiff connection to the probe. The two

lower bearings (10) constrain the φ movement of the x-stage together with the two

upper bearings (12). The Ø65 mm air-bearings are estimated to have an axial stiffness

of 7 · 107 N/m at 400 N preload, 5.5 bar supply pressure and with a 10 µm air gap.

This to be robust to dust and scratches.

A.3.3 y-stage

The y-stage moves the probe in the direction perpendicular to the x-stage with a low

velocity. The typical measurement time of one segment is 15 minutes with a 3 mm

lateral resolution. The guidance tube of the x-stage and the metrology mirror tube are

part of the y-stage and, together with two carriages, form the y-stage. In Fig. A.14,

both the front view (top) and the rear view (bottom) are given. The maximum stroke

the y-stage is capable of is 1695 mm, the mass of the y-stage is 350 kg.
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Figure A.14: y-stage assembly. 1: position frame, 2 & 3: air-bearings, 4 & 5: preload frame, 6:

position frame, 7: preload frame, 8: linear motors, 9: guidance tube support interface,

10: metrology mirror tube support interface, 11: linear encoder read-head.

Looking at the front view, the left carriage consists of a position frame (1) with four

air-bearings in an orthogonal configuration mounted tilt-free to the position frame.

The two air-bearings aligned to the top plane (2) constrain the z and φ motion of the
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carriage. The two air-bearings aligned to the inside plane of the left granite guidance

block (3) are mounted on an intermediate body connected to the position frame (1)

via an elastic line-hinge to constrain the motion in x-direction only, but with doubled

stiffness. These bearings are mounted at the height of the reaction force of the x-stage

movement on the guidance tube. The preload air-bearings are mounted on two identical

stiff frames (4) connected via plates (5), forming the preload frame. The right carriage

consists of a position frame (6) and a preload frame (7) with two air-bearings aligned to

the top plane of the guidance block. These air-bearings are mounted tilt-free, via car-

danic hinges, to an intermediate body. The intermediate body itself is again connected

to the position frame (6) via an elastic line-hinge to constrain the z-direction only, but

with the same z-stiffness as the left carriage. The bearings are mounted close to each

other to obtain a stiffer intermediate body and to minimise the size of the position and

preload frame. Coil units of two linear motors (8) are mounted, one each, to the left

and right carriage, to constrain the y-direction for both carriages. The position frames

of the two carriages are mounted on the guidance tube via interfaces (9) bonded to the

guidance tube. The metrology mirror tube is also mounted on the position frame of the

carriages via intermediate bodies (10), but in a different way than the guidance tube.

Two bodies (11) that house the read-head of a linear y1, y2 encoder and interferometer

optics are mounted, one each, to the y-carriages.

By fully constraining the two y-carriages to the guidance tube, the y-carriage is con-

strained in six degrees of freedom: the x-direction is constrained by the two vertically

aligned bearings of the left carriage (Fig. A.14, front view), the y- and θ-direction are

constrained by the two linear motors, the z- and ψ-direction are constrained by the

horizontally aligned bearings of both carriages and the φ-direction is constrained by

the two horizontally aligned bearings of the left carriage (Fig. A.14, front view).

Round Ø150 mm bearings are used throughout the y-stage design, as the Ø150 mm

appear to be preferable over Ø200 mm bearings because the specific stiffness is higher.

Moreover, this results in lighter position and preload frames for only a slight decrease

in eigenfrequency. The Ø150 mm air-bearings were measured to have a stiffness of

2.8 ·108 N/m at 2000 N preload, 5.5 bar supply pressure and with a 10 µm air gap [35].

The guidance tube is an Alumina (Al2O3) tube with outer dimensions of 300 x 200 mm2

(H x B) and a wall thickness of 20 mm. The length of the guidance tube is 2 metres

and it weighs 135 kg. The specific stiffness of Al2O3 is three times higher than that of

steel. The coefficient of thermal expansion (CTE) is about 6 µm/m/K. Furthermore,

this ceramic tube can be lapped to a straightness in the order of micrometres, making

it a good choice for a light and stiff guidance tube with this length. The guidance tube

is analysed using Finite Element Analysis: the first two eigenmodes of the guidance

tube are both bending modes (Fig. A.15), with horizontal bending at 260 Hz the first

and vertical bending the second mode at 360 Hz. The mass of the x-stage is not taken

into account in this analysis.
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Figure A.15: Horizontal and vertical bending mode of the guidance tube at 260 Hz and 360 Hz,

respectively. FEA: ANSYS 15.0, hexahedral elements, 4 elements over the thickness.

A.3.4 Extractor mechanism & mounting tool

To make fast and repeatable mounting of the segment assembly possible, including

the possibility to rotate the segment assembly, a segment assembly mounting tool is

designed (Fig. A.16, left) together with an extractor mechanism (Fig. A.16, right).

The mounting tool can be used throughout the manufacturing process of the segment,

once its support structure is integrated. The mounting tool has six interfaces (1) to

constrain all the degrees of freedom of the segment assembly and it is mounted in a

statically determined way on the machine base using three balls (2) and v-grooves (3).

Not three, but six v-grooves are mounted on the base at 60° each, so it is possible to

rotate the segment in steps of 60°, allowing calibration techniques such as the multi-

step method. The assembly is preloaded by its own weight. The extractor mechanism

consists of a main extractor body (4), which is mounted to the granite base, and an

extractor piston (5), which can move up and down and rotate around the z-axis.

A.4 Metrology system

The metrology system measures the position of the optical probe relative to the segment

in all the degrees of freedom using a 12-axis interferometer system, a metrology mirror

tube moving in the y-direction and a stable lower metrology frame. An exploded view

of the metrology system is depicted in Fig. A.17. The lower metrology frame acts

as a reference for the degrees of freedom of the segment assembly, but also directly

for the optical probe in x, y, φ and ψ, and indirectly for the optical probe via the

metrology mirror tube in z. Sintered Silicon Carbide is the material of choice for the

metrology mirror tube, due to its excellent thermal and mechanical properties. The

lower metrology frame is made of Zerodur®, due to its near zero coefficient of thermal

expansion. Nanometre-level stabilities are expected.
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Figure A.16: Left: mounting tool, 1: segment assembly interface, 2: balls (kinematic support), 3:

v-grooves (kinematic support). Right: extractor mechanism, 4: main extractor body, 5:

extractor piston.

A.4.1 Lower metrology frame

The lower metrology frame is depicted in Fig. A.18. The lower metrology frame consists

of a block of Zerodur® with a hole and chamfered lower corners and part of the edges

(1). The hole is machined slightly off-centre, as the y-stage needs to be moved out of

the way to be able to handle the segments. The manufacturing of this Zerodur® block

could be an issue. To this block, four Zerodur® bars are bonded with an adhesive. The

adhesive is applied in a recess to define the location by glueless contact and herby use

the adhesive as a preload device by its shrinkage upon setting. The two bars that act as

a reference for the y-direction interferometer measurement (2) need to be straight and

polished to optical quality on the inside. The two bars that are both a reference for the

x- and z-direction (3) need to have a straight upper side and inside polished to optical

quality. The two Zerodur® precision scales (4) that act as a position feedback for the

y-stage linear motors are bonded on top of the two Zerodur® bars by fusion bonding.

This is possible because not all of the top surface of these reflective bars is required

for the interferometer system. Six volumes where the capacitive probes are placed

(5) have to be mounted on the Zerodur® block. In this volume, also an adjustment

system to put the capacitance sensor in range is required, preferably automated. As

an addition, twelve edge sensors (6) can be mounted on the Zerodur® frame to obtain

information about the real mirror surface positions, as if the segment was positioned

in the telescope. As the edge sensors are not on the same position for every segment,

these need to be adjustable. Together with the four zero-plane reference mirrors (7), the

position and movement of the segment with respect to the metrology frame is known.

A sphere (8) is bonded to the Zerodur® block to act as an x, y, z nulling-target for
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Metrology mirror tube
 (Subsection 4.2)

Interferometry system
 (Subsection 4.3)

Lower metrology frame
 (Subsection 4.1)

Figure A.17: Exploded view of the metrology system. The metrology system is split in a metrology

mirror tube (part of the y-stage), an interferometry system and a lower metrology frame.

the non-contact probe in the home-position. The lower metrology frame is mounted

on the granite base block at three points, using three hinged blocks (9).

The most important function of the lower metrology frame is to be as thermally and

dynamically stable as possible. The in-plane distance between the capacitive probes

and the mirror bars must stay as constant as possible, as any in-plane deformation will

fully add up in the error budget. The in-plane deformation due to thermal disturbances

must therefore be as small as possible, hence the choice of Zerodur® for its near zero

CTE (α ≤ 0.05 µm/m/K). A 0.1 K change in temperature over 2 metre will only

result in a 10 nm change in length. Moreover, for the two mirror bars that act as

a reference for both the x- and z-direction (3) it is important that the surfaces of

optical quality stay straight (the straightness deviations can be measured using the

straight-edge reversal method or by measuring a 1.4 m spherical reference mirror)

and parallel to each other at all times. Thus, a piston, tip and tilt movement of the

entire lower metrology frame would have no influence on the measurement uncertainty.

Warp of the metrology frame (torsion), on the other hand, would directly increase the

uncertainty. Torsion in the metrology frame can be caused by thermal gradients due to

for instance point-loads, by forces acting on the metrology frame and by deformation
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Figure A.18: Lower metrology frame assembly. 1: Zerodur® block, 2 & 3: mirror bars, 4: linear

encoder precision scales, 5: capacitive probes, 6: edge sensors, 7: zero-plane reference

mirrors, 8: nulling-target, 9: hinged support blocks.

induced by vibrations. As thermal disturbances on the metrology frame are small and

Zerodur® has a near-zero CTE, thermal-induced torsion is expected to be negligible.

Furthermore, as the metrology frame is separated from its environment via a statically

determined mounting, torsion caused by forces acting on the metrology frame is also

expected to be negligible. Vibration induced deformation is expected to be the most

influencing cause. Therefore, high torsion stiffness is preferable for the lower metrology

frame. To obtain torsion stiffness, the Zerodur® block needs a certain thickness. This

resulted in dimensions of 2050 x 1900 x 350 mm of the base Zerodur® block, with

holes with a diameter of Ø1550 mm and Ø1300 mm respectively. The lower corners

and part of the edges of the Zerodur® base block are chamfered to further increase the

torsion frequency. The mass of the lower metrology frame assembly is 1950 kg and the

first resonance is a torsional mode at 110 Hz (Fig. A.19). The second resonance is a

torsional mode at 160 Hz.

A.4.2 Metrology mirror tube

The metrology mirror tube is made of Sintered Silicon Carbide (SSiC). SSiC has twice

the stiffness of steel and only slightly higher density than aluminium. This material has

thus a superior specific stiffness. Moreover, its thermal stability is very good as it has

a low CTE (≈ 2 µm/m/K) and a good volumetric thermal diffusivity (84 · 106 m2/s),

which describes the uniformity and magnitude of the temperature distribution, result-

ing in a very uniform temperature with a small but present thermal expansion. SSiC

is an exotic material and very hard and brittle, difficult to machine, making the price

high. The excellent thermal and mechanical properties still make the application of a
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110 Hz 160 Hz

Figure A.19: First two torsional modes of the lower metrology frame at 110 Hz and 160 Hz, respec-

tively. The lower metrology frame is constrained in 6 DOF by three hinged blocks at

the bottom. FEA: ANSYS 15.0, 3D combined elements.

SSiC metrology mirror tube worthwhile. The material is polishable, which is a great

advantage, as the bottom side can be polished to optical quality to act as a reference

mirror.

The length of the metrology mirror tube is 2000 mm and the cross-section is 150 mm

by 200 mm. The wall thickness is the same as the Al2O3 guidance tube, viz., 20 mm.

The mass of the metrology mirror tube is 80 kg. A front view of the metrology mirror

tube (1) including volume for the support structures (2) is depicted in Fig. A.20. The

metrology mirror tube is mounted on the y-stage in a statically determined way to be

as thermally and dynamically stable as possible (schematically shown in Fig. A.21).

For support A, four degrees of freedom are constrained: y, z and φ by a plate with

a central hole and three flaps bent 90° around it, each fixed to the main tube by two

glue spots, and one axial strut to constrain the x degree of freedom. The strut is

bonded to the lower left corner of the metrology mirror tube, as this is closest to the

optical surface where the interferometer beam of the optical probe will be directed at.

At support B, the two remaining degrees of freedom are constrained: the y degree of

freedom is constrained by another plate with a central hole and a flap bent 90° around

it, while the z degree of freedom is constrained by a strut, which is connected to a

tube that is connected to the metrology mirror tube by two endplates. This results in

constraining the ψ and θ degree of freedom of the metrology mirror tube.
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Figure A.20: Metrology mirror tube assembly - front view. 1: SSiC metrology mirror tube, 2: support

structures, A: 4 DOF constrained, B: 2 DOF constrained.
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Figure A.21: Schematic overview of the metrology mirror tube support.

The first eigenmode at 240 Hz is bending in the horizontal direction. This has only a

second order influence on the mirror position. The second mode at 310 Hz, bending

in the vertical direction, does have first order influence. The total gravity deflection is

3.3 µm at the centre of the metrology mirror tube. This is a steady state deflection, but

it has to be taken into account in the alignment budget of the interferometry system.

The slope at the ends of the metrology mirror tube is approximately 3.3 µrad. This tilt

is expected to have only a small influence on the alignment budget of the interferome-

try system. The straightness deviations of the metrology mirror tube can be measured

with a reference flat (as large as possible) and the measurements can be stitched (if

necessary). The multi-step method can be used to obtain redundant data to average

out errors. As an alternative, a 1.4 m spherical reference mirror can be measured.

A.4.3 Interferometry system

The interferometry system, depicted in Fig. A.22, measures the displacement of the

optical probe relative to the reference mirror bars on the lower metrology frame. The

x, y, φ, and ψ are measured directly, but, depending on the probe position, with a

relatively large distance through air (mean value of about 800 mm in x and 850 mm

in y direction). The z displacement of the optical probe is measured indirectly via a

metrology mirror tube to the mirror bars on the lower metrology frame. However, the

distance through air is shorter. The x, y, φ and ψ coordinates are measured twice to

obtain redundant data, lowering the measurement noise. This results in eight axes for

the interferometer system measuring displacements and tilts. The z-measurement of

the optical probe to the metrology mirror tube is the ninth axis and adding the two
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z-measurements at the end of the metrology mirror tube to the mirror bars of the lower

metrology frame completes the metrology. This results in the need of an eleven-axis

interferometry system. Nowadays, twelve-axis interferometer systems (2 x 6) are com-

mercially available using only one laser. Therefore a heterodyne, double-pass, plane

interferometer system is used in the design of this machine, having the possibility to use

the twelfth interferometer axis for measurements of air-index variations and frequency

stability by measuring from one side of the inner-surface of the Zerodur® mirror bars

to the other. When the measurement of the air-index variation is done compared to

a vacuum tube, the measurement becomes absolute [20]. An alternative is to use a

commercial refractometer.

The 12-axis interferometer system (Fig. A.22) is divided into two levels: the upper

level with the laser source, the optical beam supply line for all the interferometers

(that will be called the aorta) and the z-interferometers. The lower level consists of

the four (double-)interferometers for the x, y, φ and ψ measurement and the twelfth

axis for wavelength compensation. The laser source, as a heat source, is located on the

machine without interfering with the machine functionality and with minimal thermal

influence on the metrology frame. The beam exits the laser source, travels through

a Non-Polarising Beam Splitter (NPBS), splitting the beam to the lower level with

a folding mirror. The beam continues to another NPBS, splitting the beam to the

interferometer (IF), which measures relative between the mirror bar on the metrology

frame and the metrology mirror tube (IFframe−beam z1), and to the aorta. The aorta is

split from there by a NPBS to the lower level (IFframe−probe x,ψ1) and the aorta con-

tinues to the moving part of the probe (x-direction). There the beam is split three

times in a row by the NPBSs: the first to a folding mirror that mirrors the beam to

a lower level interferometer (IFframe−probe y,φ1), the second directly as supply for the

z-interferometer that measures relative between the optical probe and the metrology

mirror tube (IFprobe−beam z), and the third to supply another interferometer at the lower

level (IFframe−probe y,φ2). The aorta continues to another NPBS that mirrors a part of

the beam to the lower level (IFframe−probe x,ψ2). The aorta then runs into a folding mir-

ror that mirrors the beam to the second interferometer that measures from a mirror

bar on the metrology frame to the metrology mirror tube (IFframe−beam z2).

Looking at the lower level, four beams come from the upper level, where they are

being lead to the four interferometers measuring the x, y, φ and ψ coordinates of the

optical probe. The stationary twelfth-axis interferometer for wavelength compensation

is also located at the lower level (IFwavelength compensation).

A.4.4 Probes

A non-contact probe based on the differential confocal principle [16], depicted in

Fig. A.23, satisfies the final error budget requirements. This probe has a 0.1 nm

resolution, an uncertainty of ≤10 nm RMS for medium freeform surfaces (<2°), 5 mm
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Figure A.22: The 12-axis interferometer design. The interferometer system is divided into two levels:

the upper level with the laser source, the optical supply line for all the interferome-

ters (the Aorta) and the z-interferometers. The lower level consists of four (double-

)interferometers for the x, y, φ and ψ measurement and the twelfth axis for wavelength

compensation.

measurement range (with a 4 µm tracking range), ±5° acceptance angle with tilt depen-

dency compensation, a moving mass of 50 grams, 2 µm spot size and 1.6 mm distance

between lens and segment. Concerning the guidance straightness of the probe: the

rotation repeatability is about 5 µrad, while the lateral position repeatability stays

within 20 nm.

The measurement range of 5 mm is somewhat short, but this can be increased to a

safer 8 - 10 mm. On the other hand, the acceptance angle of ±5° could be reduced.

Furthermore, the probe is robust for small interruptions like small dust particles and

scratches. However, the probe needs to be re-locked after large interruptions: the

chance that the surface height is still within the tracking range of 4 µm after moving

over the edge of the segment and coming back at another point is very small.

A tactile precision probe is added to the design, mounted next to the optical probe,

to be able to measure a ground segment surface with an accuracy of ≤ 0.1 - 0.2 µm

RMS with a lateral resolution of ≤ 5 mm. As the tactile probe is mounted next to the
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Figure A.23: Non-contact probe based on the differential confocal measurement principle with mm

range and nm uncertainty, as designed by [16].

optical probe, the interferometer system can still be used to obtain information about

the x, y, φ, and ψ movement but with a small offset, only resulting in a small error.

The z-interferometer of the optical probe can also be used to obtain an accurate idea of

the z-position of the tactile probe. The tactile probe requires an accurate z-guidance

with a stroke of about 15 mm. Implementing a tactile precision probe system makes

the CMM in the earlier stages of the segment manufacturing process redundant.

A.5 Measurement uncertainty

Individual error sources can be measured using well-known artefacts such as straight-

edges, optical flats and true-squares, using self-calibration principles [27]. Also well-

characterised (spherical) mirrors can be used as end-to-end calibration artefacts, to-

gether with stitching to cover the entire measurement volume with smaller mirrors.

Ideally, a 1.4 m spherical reference mirror, which we call the ‘master segment’, cal-

ibrated in an interferometric test tower (e.g., [15], [5], [75]) with similar radius of

curvature is used as ‘black box’ calibration method. Calibrating the artefacts to the

required uncertainty level is of course challenging, as reference standards with the re-
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Table A.2: Measurement uncertainty estimation after calibration.

DOF Budget (3σ) Uncertainty RMS

mean value [nm]

δS,x 14 nm 0.0

δS,y 14 nm 0.0

δS,z 11 nm 3.6

δS,φ 25 nrad 3.0

δS,ψ 25 nrad 3.0

δS,θ 25 nrad 0.0

δP,x 50 nm 0.1

δP,y 50 nm 0.1

δP,z 25 nm 8.3

δP,φ 1 µrad 0.1

δP,ψ 1 µrad 0.1

δP,θ 10 µrad 0.0

δP,d 15 nm 5.0

Total Uncertainty (RMS) 11.2

quired uncertainty over these dimensions are not trivial. More research needs to be

done on how to calibrate the machine.

The expected measurement uncertainty of the machine after calibration with the mas-

ter segment is analysed. Assuming that the master segment is perfect (and thus non-

trivially perfectly spherical), the measurement uncertainty of the machine is caused

by non-repeatable errors. Moreover, as the machine is universal, traceability to the SI

unit of length can be accounted for by measuring all sorts of reference artefacts (with

limited slope) and well-specified optics.

In the design of the machine, redundant information in several directions is available,

for instance for the degrees of freedom of the segment by applying twelve capacitive

probes, where only six are required as a minimum. This redundant data can be used for

averaging, decreasing the measurement noise and increasing the machine’s repeatabil-

ity. Being able to turn the segment assembly in multiple steps of 60° can decrease the

uncertainty, aiding to distinguish several Zernike orders and possible causes of segment

deformation due to misalignment and mounting. The measurement strategy could be

to measure a coarse grid over the machine before starting a high-resolution measure-

ment, to be able to distinguish thermal drift from segment form.

An estimation of the error budget for the machine as designed can be found in Ta-

ble A.2. The values are based on experience in [35] and [36], knowledge of the designed

system, estimates about the accuracies of the principles used and the stability of the

metrology loop.

� The x- and y-translation of the segment are measured relative to the Zerodur®
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lower metrology frame, using capacitive probes. Capacitive probes have sub-

nanometre resolution and can have nanometre-level accuracy. The estimated

error is 15 nm (3σ). Only two capacitive probes would be required, but six are

available giving a reduction of a factor
√

3 of the error, resulting in an error of

9 nm (3σ). Adding the uncertainty of the in-plane variation due to thermal drift

of the Zerodur® to be 5 nm (∆T of 0.1 K over 1 metre), this adds up to a total

of 14 nm (3σ).

� The same reasoning applies to the z-measurement of the segment with the capac-

itive probes, but now the noise reduction due to redundancy is
√

2 and thermal

drift is negligible in z-direction. This results in an error of 11 nm (3σ).

� Measuring both the tilts of the segment is done with a 15 nm (3σ) error over

approximately 1.4 metres. This results in an error of 11 nrad. Redundancy

results in a decrease of
√

2 of the error resulting in 7.5 nrad. Assuming some

out-of-plane deformation and thermal drift, a tip/tilt error of 25 nrad is more

likely.

� The error in θ-direction is estimated to be the same as the other two rotations

of the segment: 25 nrad. This has a negligible influence on the measurement

uncertainty.

� The x- and y-translation of the probe are measured relative to the mirror bars

at the lower metrology frame, using interferometers. Interferometers can have a

sub-nanometre resolution and nanometre accuracy, but as the distance through

air is relatively long (average of 800 mm), the estimated error is 50 nm (3σ) after

compensation.

� The sensitive z-direction of the probe relative to the metrology frame is measured

indirectly via the metrology mirror tube. The error in the interferometers is

estimated to be 5 nm (3σ) and, by including the thermal drift of the metrology

mirror tube, the total error is estimated to be 25 nm (3σ).

� The rotations φ and ψ of the non-contact probe are measured by interferometers.

The distance between the beams is 25 mm, with an estimated error of 25 nm

between the two beams due to the long distance through air. This results in an

error of 1 µrad (3σ).

� The rotation θ around the centreline of the non-contact probe has no influence on

the measurement uncertainty (if the surface is smooth), only on the interferometer

alignment. The maximum rotation is estimated to be 10 µrad.

� The specified accuracy of the non-contact probe is 15 nm (3σ).
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These values result in an estimated measurement standard uncertainty of a mea-

surement with the machine of 11.2 nm RMS. Note that the uncertainty of the z-

measurement of the probe relative to the lower metrology frame is by far the largest,

which is not surprising, as this is a sensitive direction but also an indirect measurement

(via the metrology mirror tube).

A.6 Conclusions

A universal measurement machine design is presented based on principles used in the

NANOMEFOS, i.e., a non-contact single-point scanning technique capable of nanometre-

accurate form measurements. After the initial calibration, the measurement machine

can be used at low operational cost, as no dedicated artefacts or CGHs are required

to measure consecutive segments. The typical measurement time of one segment is

15 minutes. A non-contact optical probe is moved over the surface, minimising the

number of moving axes. In the proposed machine design, the non-contact optical

probe is translated using an x- and y-translation. The design is based on a direct and

short metrology loop. All degrees of freedom of the segment assembly are measured

relative to a Zerodur® lower metrology frame. The sensitive z-direction of the non-

contact optical probe is measured via a metrology mirror tube to the lower metrology

frame, using three interferometer axes. To this purpose, reflective bars are bonded to

the Zerodur® base block of the lower metrology frame. The less-sensitive x, y, φ and

ψ directions of the non-contact optical probe are measured relative to these reflective

bars, using eight weighted interferometer axes. A 12-axis interferometer system with a

single laser source is implemented, allowing the twelfth axis to be used to compensate

for air-index variations. A mounting tool is implemented to enable fast and repeatable

mounting of the segment assembly in the machine. A central extractor mechanism is

designed to lower the segment assembly into the machine, and extract it after measur-

ing. It is possible to rotate the segment assembly in steps of 60°, allowing calibration

techniques such as the multi-step method. A tactile precision probe is added to be able

to use the machine in earlier stages of the segment manufacturing process, eliminating

the need of a separate CMM. Furthermore, reference artefacts and optics with limited

slope can be measured to calibrate the machine and make it traceable to the SI unit

of length.

The measurement standard uncertainty of a measurement with the machine after cal-

ibration is estimated to be 11.2 nm RMS, thus satisfying the accuracy requirements.
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Effect of test-setup on FRF

The shift in mass-line and anti-resonance, visible in, for instance, Fig. 2.15, can be

explained by the absence of the test-setup in the FEA model. This will be explained

by comparing simplified 1D models. The simplified 1D model of the FEA model is a

one mass-spring-damper system as depicted in Fig. B.1a, left. The difference between

the FEA model and the measurement is the test-setup, which can be seen in Fig. B.1a,

right.
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Figure B.1: (a) Simplified 1D model of the FEA model and the measurement to investigate the dif-

ference in mass-line after the first resonance. (b) Expanded 1D model of the FEA model

and the measurement to investigate the difference in mass-line after the first and third

resonance, including the anti-resonance shift.
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The masses and stiffness are of the same order of magnitude as used in the Lagrange

model as described in Section 2.2.1. The replacement mass is the sum of the mass

of the test-mass and the moving part of PACT, being mp,t = 91.3 kg in total. The

replacement stiffness of the spring is the stiffness of PACT, dominated by the off-loading

springs, which is about cp = 2.3 · 105 N/m. For the measurement model, the mass of

the frame is approximately mf = 150 kg. The stiffness to the frame cg is estimated to

be 7 · 105 N/m.

The transfer function of the FEA model (a) reads

(x1

F

)
=

1

mp,ts2 + cp
. (B.1)

The resulting transfer function is of type zero-slope/poles/minus-two slope. The asymp-

totes at low and high frequencies are

(x1

F

)
s→0

=
1

cp
, and (B.2)

(x1

F

)
s→∞

=
1

mp,ts2
, respectively. (B.3)

For the measurement model (a), the transfer function becomes

(
x1 − x2

F

)
=

s2 + cg
mp,t+mf

mp,tmf

mp,t+mf
s2
(
s2 +

[
cp
mp,t

+ cp+cg
mf

])
+ cpcg

mp,t+mf

. (B.4)

The asymptotes at low and high frequencies are
(
x1 − x2

F

)

s→0

=
1

cp
, and (B.5)

(
x1 − x2

F

)

s→∞
=

1
mp,tmf

mp,t+mf
s2
, respectively. (B.6)

The low frequent (stiffness) behaviour is the same, while at the high frequent behaviour,

the masses of the mass-lines are different. For the FEA model the effective mass mp,t

is 91.3 kg, while for the measurement the effective mass is
mp,tmf

mp,t+mf
= 56.7 kg. This is

a factor 1.6, which explains the difference of almost 6 dB.

The effective mass of the mass-line after the third resonance of both the FEA model

and the measurement can be compared by expanding the model by adding the strut-

stiffness cs and splitting the moving mass of PACT mp and the test-mass mt. This

results in the 1D models as depicted in Fig. B.1b, with mp = 1.3 kg, mt = 90 kg, and

cs = 1 · 107 N/m.

The transfer function of the FEA model (b) becomes

(x2

F

)
=

s2 + cs
mt

mps2
(
s2 +

[
cs
mt

+ cs+cp
mp

])
+ cscp

mt

. (B.7)
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The asymptotes at low and high frequencies are

(x2

F

)
s→0

=
1

cp
, and (B.8)
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F

)
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=
1

mps2
, respectively. (B.9)

For the measurement model (b), the transfer function becomes

(
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F
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2
(
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+mfs

2
(
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with
ω2
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cs
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+ cs
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)
,
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)
, and
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.

The asymptotes at low and high frequencies are

(
x2 − x3
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=
1

cp
, and (B.11)

(
x2 − x3

F

)
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=

1
mpmf

mp+mf
s2
, respectively. (B.12)

Since mf >> mp, the effective mass of the measurement
mpmf

mp+mf
≈ mp, which explains

that after the third resonance the mass-lines are about the same again. Both the

(b)-models are drawn in a Bode diagram as depicted in Fig. B.2. The difference in

mass-lines and shift in anti-resonance are comparable to Fig. 2.15.
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Figure B.2: Bode diagram of the FEA (b) and the measurement (b) models. The difference in mass-

lines and anti-resonance are caused due to the absence of the test-setup in the FEA(b)

model. After the third resonance, the mass-lines are approximately the same again.
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Redesign alternatives

C.1 Concept I

Concept I of the PACT redesign is depicted in Figure C.1. This concept is based on

a translating hardened stainless steel pin (1) (Ø10 mm) as fine stage (FS), translating
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Figure C.1: Redesign of PACT - concept I.
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through a spindle (2) and a VCA magnet (3), which are both provided with a cen-

tral hole. The guidance of the pin consists of three sharp-folded plate springs (4) at

the top, which take most of the lateral load, and a plain bearing at the bottom (5).

The sharp-folded plate springs can be assembled from two laser-cut and bent plates,

clamped together at the ends in a similar fashion as proposed in Section 3.5.3 (missing

in the drawing). A commercially available compression spring (6) is chosen as weight

compensation. The rotation around the centreline of the compression spring due to

changing loading is solved by applying a deep-groove ball bearing (7) (which is self-

centring). The linear optical encoder is positioned at the bottom, which increases the

accessibility and adjustability of the readhead (8). Moreover, the encoder is out of the

stiffness loop. The encoder scale (9) is glued in a machined slot of the pin.

The coarse stage (CS) consist of a recirculating roller screw with rotating nut (10) and

translating spindle (Ø25 mm, L = 100 mm, and p = 1 mm). The split nut is preloaded

by a spacer ring (form-closed preload of 2.3 kN). The nut is connected to an interme-

diate body (11). Two angular contact bearings (12) in O-configuration constrain the

nut and its intermediate body both radially and axially with respect to a tube (13).

The bearings are preloaded by a Belleville spring (14), which is a cost-effective alterna-

tive to a concertina holder [73]. To the intermediate body, a (replaceable) Delrin spur

gear (15) is connected. By connecting a stainless steel anti-backlash spur gear (16) to

the motor output, a reduction of 1:2 is realised. To further increase the reduction, a

commercial planetary gearbox with DC-motor (17) is mounted to the side. Note that

the torque that is required to drive the spindle is increased compared to the earlier

prototypes, due to the increased diameter of the spindle. The motor is mounted to

a single plate, constraining the x, y, and θ-DOF. This mount can be improved upon

by using a sandwich configuration to minimise moments. The motor-mounting plate

is connected to a construction of plates (18) that have slots to half their height to fit

like a cardboard structure, which is both cost-effective and stiff. The plates are point-

welded to a central tube (13) and they have battlements to direct forces and provide

stiffness to the bottom edges, where the bottom interface of PACT will be. Means

to prevent the spindle from rotating around z (θ) during operation are missing in the

drawing, which, for instance, can be provided by a single sharp-folded plate spring, or

a cam-roller on a track.

The disadvantage of using a plain bearing for the guidance of the FS pin is the accom-

panying friction and hysteresis, and the increasing play due to wear. The virtual play

sv can be determined with

sv = 2|W |
c
, (C.1)

with W the frictional force, and c the stiffness. With a maximum operational lateral

load of 50 N, and a distance of 225 mm to the plain bearing (with the two bearings

spaced 190 mm apart), this results in a lateral load of 9 N at the plain bearing. The

bearing material specifies a friction coefficient µ between 0.08 and 0.23, which is low-

est with highest surface pressure. As the surface pressure is relatively low, a friction
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coefficient of 0.2 is assumed. The stainless steel pin stiffness is 67 N/µm, resulting in a

virtual play of 50 nm. This is too large to satisfy the 1.7 nm RMS position accuracy.

Furthermore, in this design, the self-centring action of the spindle and nut combination

is assumed to act as the straightguide of the coarse stage. Hereby, it is assumed that

all DOF other than z are constrained. However, as the nut on the thread will have

multiple rotation poles, the straightguide quality is not well defined.

Furthermore, the disadvantage of placing the encoder at the bottom of the pin, is that

the thermal length becomes large: a stainless steel pin with a length of 270 mm and

a CTE of 12.3 µm/m·K will have a change in length of approximately 50 µm over the

entire (operational) temperature range. Also, the compression spring should be con-

nected to both the pin and the spindle, to be able to cope with tensile forces. Finally,

as the sharp-folded plate spring is relatively delicate an fully exposed, a bellow or cover

of sheet metal is recommended.

Although this rotationally symmetric concept is cost-effective, some drawbacks are

hard to overcome. Therefore, it is chosen to discontinue this concept.

C.2 Concept II

Concept II of the PACT redesign is depicted in Figure C.2. This concept is based on

two diaphragm flexures (1, 2) that act as an FS straightguide with integrated weight

compensation, manufactured by laser-cut TiAl6V4 or waterjet-cut AISI 301 stainless

steel (see Appendix D). The FS straightguide is overdetermined in θ, but by aligning

both flexures with a cylindrical fit and an axial plane, this effect is minimised. The

diaphragm flexures are clamped using aluminium blocks and bolts. A disadvantage of

this design is the complex shape of the (machined) intermediate bodies (all aluminium)

that are required for the diaphragm flexures.

The CS is guided by six track-rollers (3) on a flat hardened steel track (4) with ma-

chined hinges (which provides a line contact instead of a point contact, for an increased

lateral stiffness). The two times three track-rollers are preloaded by a machined torsion

spring (5) (Al 7075-T6 for decreased costs, or TiAl6V4 for increased lifetime).

The encoder readhead (6) is connected to the PACT housing using a tripod (7). En-

coder alignment is done using an intermediate body with push-pull screws. The limit

switches, which provide information about midrange and end of range, are mounted to

the inside, where no adjustment is possible. The weight of the outer tubes is reduced.

As FS actuator a commercially available VCA (8) is chosen, similar to the VCA applied

in the prototype. The same holds for the CS actuator (9), which is identical to the

Maxon motor assembly in the prototype.

Like in the prototypes, the connection of the nut (10) to the CS is overdetermined. The

alignment of the centrelines of the flexure-based straightguide and the CS actuator can

be handled by imposing tighter manufacturing tolerances on the manufactured parts.

However, it is expected that the lifetime of the CS actuator will decrease significantly.
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Figure C.2: Redesign of PACT - concept II.

A redesign of the CS actuator including bearing arrangement can solve this issue.

Furthermore, the thickness of the top clamping part should preferably be increased to

increase the clamping pressure. Finally, a cost estimation showed that it is not possible

to decrease the cost of the manufactured parts below e1.500. Therefore, this design is

not continued.

C.3 Concept III

Concept III of the PACT redesign is depicted in Figure C.3. This concept is based on a

flexure-based guidance consisting of right-angled plate springs (1, 2): both the FS (1)

and the CS (2) are guided with six right-angled plate springs. The FS is an assembly of

aluminium tubes, while the CS is a machined triangle (3), connected to the nut (4) of

the CS actuator (5) with three spokes (6) connected to an intermediate body (7). The

weight compensation function is provided by three commercially available compression

springs (8), each placed on top of a deep-groove ball bearing (9). The outer tube is an

assembly of aluminium tubes, clamping the flexures of the CS guidance.

The encoder readhead (10) is connected to the PACT housing using a tripod (11),

similar to Concept II. Encoder alignment is done using an intermediate body with

push-pull screws.
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Figure C.3: Redesign of PACT - concept III.

The top flexures as well as the limit switches (12) are exposed, so a shielding is required.

The θ-DOF of the nut (4) has to be well-constrained. The rotation stiffness kθ of the

three radially placed spokes (6) is not sufficient to constrain the θ-DOF of the nut.

Therefore, this connection needs to be improved, for instance by applying three plates,

tangentially connected to the middle intermediate body, as in Concept IV and V,

described in the following sections. Furthermore, most of the aluminium bodies need

a large amount of machining, which makes this concept too expensive.

C.4 Concept IV

Concept IV of the PACT redesign is depicted in Figure C.4. This concept is based

on a flexure-based straightguide with sharp-folded plate springs (1) as FS guidance,

and right-angled plate springs (2), integrated into a triangular CS intermediate body

from sheet metal, as CS guide. The weight compensation function is integrated into

the sharp-folded plate springs, similar to the selected concept. The top set of the

sharp-folded plate springs is thicker than the bottom set, taking the majority of the

external load. As the full radius of the out tube can be utilised, the thickness of the

plate springs can be increased with respect tot the selected concept without increasing

the bending stress above the fatigue stress.
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Figure C.4: Redesign of PACT - concept IV.

The encoder readhead (3) is connected to the PACT housing using a tripod (4), and

alignment is done using an intermediate body with push-pull screws, similar to Con-

cept II and III. Three plates (5), tangentially connected to a round body (6) that is

connected to the nut (7), constrains the θ-DOF from the right-angled plate springs of

the CS to the nut.

The hardened steel output pin (8) can be embodied with metric thread, bolted and

glued into the cover (9), minimising the amount of moving mass of the FS.

As the relatively delicate sharp-folded plate springs at the top are exposed, and a chal-

lenge exists regarding the connection of the right-angled plate springs, this concept is

not continued. In the drawing, metal blocks (10) are placed at the connection position.

More research is required to adopt a cost-effective and light but stiff connection. It

may be possible to apply multiple small rivets.

C.5 Concept V

Concept V of the PACT redesign is depicted in Figure C.5. This concept is very

similar to concept IV. The difference between the two concepts is that the whole PACT
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Figure C.5: Redesign of PACT - concept V.

is shielded (and reduced in weight as much as possible), and the location of the top

sharp-folded plate springs (1) and right-angled plate springs (2) is reversed. The latter

results in a vertical plate (3) of the top right-angled plate spring protruding the stiff

connection body (4) of the top sharp-folded plate spring. Therefore, the stiffness of

the connection body is reduced. Moreover, a similar challenge as in concept IV exists

regarding the connection of the right-angled plate springs.
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Diaphragm flexures

A diaphragm flexure is a sheet metal (alloy) disc with patterned slots. These di-

aphragms can serve as a flexure-based straightguide when a minimum of two are ap-

plied. These flexure guidances are generally created by clamping inner and outer rings

to a shaft and thick-walled cylinder, respectively. Various patterns are possible, of

which eight of them are depicted in Fig. D.1.

Advantages are its high in-plane stiffness to axial stiffness ratio, minimum to negligible

friction and hysteresis (depending on the way of clamping), and long to near-infinite

lifetime (depending on stresses in the material, grain direction, and surface finish).

Figure D.1: Various diaphragm flexure patterns [67].
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Furthermore, diaphragm flexures can be manufactured in multiple ways: photochemi-

cal machining, wire EDM, laser cutting, abrasive water-jet cutting, or stamping from

spring stock. A disadvantage of all diaphragm flexures is the parasitic rotation around

the axis of operation (θ) during deflection, due to the shortening of the plate springs.

Furthermore, the in-plane stiffness decreases over the stroke.

To act as flexure-based straightuide, only two diaphragm flexures should be mounted

at a distance. Applying more than two diaphragm flexures (i.e., multiple stacked flex-

ures) should be avoided, as every plate - and thus diaphragm flexure - constrains three

DOF. Two diaphragm flexures results in a one-time overdetermined design, and every

addition of a single diaphragm flexures increases this with three. Moreover, multiple

springs would make the alignment process more complex and time-consuming.

Diaphragm flexures are popularised by the crycooler industry starting with Oxford

University, which applied three-spiral-arm flexure stacks in their Stirling cycle cry-

ocooler design [12, 21, 93] (Fig. D.1, top row, second to the left). The flexures are

made of beryllium-copper sheet using photographic and etching processes. They ap-

plied two stacks of six diaphragm flexures clamped with spacers.

Wong et al. [97] optimised a three spiral-arm diaphragm flexure using FEA, which was

experimentally validated. They showed that the highest stress occurs near the ends of

the spiral-cuts, at both the inner and outer edge of the diaphragm. Furthermore, they

suggested tangential, three-legged, diaphragm flexures (Fig. D.1, bottom row, right).

The latter has several advantages over the former, such as a higher radial stiffness and

lower operational stresses. Under small deflections, the tangential plate springs behave

like a simple beam under pure bending. However, at large deflections, the amount

of torsion in the plate springs increases. Therefore, the spacer pattern was modified

(under an angle) to lower the peak stresses in the plate springs.

Marquardt et al. [53], proposed design equations for these tangential diaphragm flex-

ures, where the ratio of the in-plane to axial spring stiffness was used to determined

the optimum geometry for a linear compressor.

Researchers at NASA [50] found, applying an Archimedes spiral three-arm flexure de-

sign, that the majority of the spring deflection occurs from the centre to one-third of

the spiral plate spring. Furthermore, the peak (tensile) stress occur at the ends of

the spiral slits (both at the inner radius as outer radius), and are highest when the

clamped edges of the spring coincide with the inner and outer radii. They propose

‘radiused ends’ placed inwards along the spiral slits, to reduce the (tensile) stress while

maintaining clamping space.

Researchers from Peckham [67] state that stainless steel is acceptable for the applica-

tion. Therefore, the researchers applied a tangential diaphragm flexure based on three

bonded Uddeholm 716 Stainless Steel plates. Furthermore, they showed that standard

barrel-tumbling processes are not adequate for finishing the edges of the flexures, as

all flexures failed during lifetime tests. On the other hand, centrifugal barrel finishing

seemed to be adequate for a large number of cycles.
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The tangential diaphragm flexure resulted in a lower radial noise than the spiral di-

aphragm flexure, due to the absence of (many) natural vibration modes in radial di-

rection [46]. Later, the flexure of the tangential diaphragm flexure by Peckham [67]

was improved upon using FEA, by shaping the outer edge of the plate springs [46].

Due to their advantages, the tangential diaphragm flexures were gradually adopted by

the cryocooler-industry [48]. However, the spiral diaphragm flexures were still widely

analysed. Wong et al. [98] recommend using dynamic stresses rather than the quasi-

static ones in fatigue analyses. They based these findings on quasi-static and dynamic

FEA on a spiral three-arm diaphragm flexure, verified with experimental dynamic tests.

Gaunekar et al. [29] analysed a spiral three-arm diaphragm flexure using FEA, which

resulted in normalised graphs that can assist in spiral diaphragm flexure design.

Lee and Pan [48] developed analytical procedures within Fortran, to predict the per-

formance of spiral three-arm flexures as function of geometric configuration and design

requirements (which was verified with tests), as they are still applied. Design charts

were generated that can aid in the design of such spiral flexures. These charts show

that only few designs with high in-plane stiffness at maximal axial deflection are pos-

sible.

Chen et al. [18] also derived expressions that can aid in the design of spiral three-arm

diaphragm flexures, which were validated with FEA and published experimental data.

They state that the spiral profile is of main influence on the performance of a spiral

diaphragm.

Spiral three-arm diaphragm flexures are still generally applied in many designs, in for

instance the cryocoolers of Thales Cryogenics [8, 62, 88], in the cryocoolers by Rawlings

and Miskimins [69], and by Rühlich et al. [76]. Probably because of the simplicity of

the flexure, and the simplicity of the spacers and the clamping (counter)parts, which

are typically rings bolted on tubes and shafts.

For the PACT redesign concept II, both a spiral three-arm as tangential diaphragm

flexure were considered. The analysed spiral diaphragm flexure is depicted in Fig. D.2,

while the tangential diaphragm flexure is shown in Fig. D.3.

The two types of diaphragm flexures are compared for the three material types as

described in Section 3.2.9, Table 3.4, to investigate the applicability as flexure-based

straightguide with integrated weight compensation for PACT. The findings, based on

FEA results, are depicted in Table D.1. Only the results for flexures that can be applied

for the fine stage are shown, as the application for the coarse stage (typical stroke of

+10 mm and -7.5 mm) seemed infeasible. Note that the axial stiffness of the weight

compensation should stay below 4.0 · 105 N/m, as determined in Section 3.2.6. The

lower bound is set at 4 mm deflection, resulting in an axial stiffness of 2.25 · 105 N/m,

and thus approximately 113 N/mm for a single flexure.

From Table D.1 follows that none of the spiral diaphragm flexures can provide the

axial stiffness while staying below the fatigue stress, and are therefore not suited to
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Figure D.2: Topview of a spiral three-arm di-

aphragm flexure design. Clamped

part in grey. The outer diameter is

Ø200 mm. Note the ‘teardrop’ ends

to minimise stress concentrations.

Figure D.3: Topview of a tangential three-

arm diaphragm flexure design.

Clamped part in grey. The outer

diameter is Ø200 mm, and the

length and width of the plate

springs are 100 mm and 30 mm, re-

spectively.

Table D.1: Comparison of a single spiral and tangential diaphragm flexure based on FEA, to determine

the applicability as flexure-based guidance with integrated weight compensation.

Stroke ±4 [mm] Spiral Tangential

Material [-] Al 7075 TiAl6V4 SS 301 Al 7075 TiAl6V4 SS 301

σfat [MPa] 159 350 500 159 350 500

t [mm] 0.8 2.0 0.9 1.5 2.3 1.9

σvon−Mises [MPa] 175 515 520 130 310 440

cax [N/mm] 8 33 82 23 128 123

clat,neutral [N/µm] 6 19 24 30 62 93

clat,−4mm [N/µm] 4 14 23 7 59 87

kθ [Nm/mrad] 7 20 26 122 223 361

θparasitic [mrad] 2.2 2.2 2.2 1.5 1.5 1.5
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Figure D.4: Tangential flexure design of PACT concept II from stainless steel AISI 301. The thickness

t is 2.1 mm, the inner diameter Ø68 mm and the outer diameter Ø160 mm.

be applied as flexure-based straightguide with integrated weight compensation. The

tangential diaphragm flexures, except for the aluminium flexure, can. Furthermore,

the parasitic rotation at maximum deflection is smaller for the tangential diaphragm

flexure. The parasitic rotation is not considered a problem, as a strut is connected di-

rectly to PACT, which can withstand small rotations about the centreline. Therefore, a

tangential flexure is designed as FS straightguide with integrated weight compensation.

Based on Table 3.4, TiAl6V4 would be the most suited material to implement in a

flexure-based straightguide. However, TiAl6V4 (Titanium grade 5) is more expensive,

and more difficult to machine. Moreover, stainless steel is one of the few materials with

an asymptotic Wöhler S-N curve depending on steel type, surface finish (roughness,

edge finish) and notching, which in theory can result in a (nearly) infinite lifetime of the

flexure. The fatigue stress is generally about one-third of the yield stress. Therefore,

stainless spring steel AISI 301 with a yield stress of more than 1400 MPa is chosen as

baseline material. The tangential diaphragm spring can be manufactured from sheet

metal by water-jet cutting or wire EDM, in combination with electro-polishing to lower

the roughness.

The tangential flexure design, as applied in Concept II (Appendix C.2), is shown in

Fig. D.4. It is made of 2.1 mm thick, cold-rolled stainless steel AISI 301. Inner

and outer clamping parts can be manufactured with laser-cutting or wire EDM. A

typical ‘cassette’ is shown in Fig. D.5, where the outer clamping parts are depicted

in dark grey, while the inner parts (translating) are a shown a grey-tone lighter. The

length and width of each plate spring are dimensioned 90 mm and 20 mm, respectively.

The tangential flexures are aligned with the outer body using three dowel pins before
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Figure D.5: Tangential flexure design of PACT concept II from stainless steel AISI 301 with clamping

parts. The outer clamping body is depicted in dark grey, while the inner parts (trans-

lating) are shown one grey-tone lighter. The length and width of each plate spring are

dimensioned 90 mm and 20 mm, respectively.

Figure D.6: Mesh of a simplified tangential

flexure based on shell elements

(ANSYS Workbench 15.0).

Figure D.7: Von-mises stress of a simplified

tangential flexure under maxi-

mum operational load (σmax =

560 MPa).

fixating. Fixation is done with M6 (outer ring) and M4 (inner ring) bolts. The inner

parts of the FS are connected with M5 bolts. To minimise micro-slip and hysteresis, a

high surface pressure is required.

The length, width and thickness of the tangential flexure are first determined analyt-

ically using the equations for plate spring flexures [73], based on the required axial

stiffness. After global dimensioning, non-linear FEA is used to determine the ax-

ial stiffness and von-Mises stress during operation. The simplified tangential flexure is

modelled with shell elements in ANSYS Workbench 15.0 (see Fig. D.6). The maximum
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von-Mises stress at maximum operational load of the simplified tangential flexure is

560 MPa, which can be found at the starts of the plate springs (Fig. D.7). The axial

stiffness of a single flexure is calculated to be 120 N/mm (axial deflection of 3.7 mm at

operational load), with a parasitic θ-rotation of 1.7 mrad. This brings the axial stiffness

to 240 N/mm. The lateral stiffness in neutral position is estimated to be 90 N/µm,

decreasing to 87 N/µm at maximum operational load.

Due to the shortening of the plate springs, and the resulting (parasitic) θ-rotation, the

stress-lines are not perfectly parallel to the clamped line of the plate springs. There-

fore, changing the angle of the clamping parts, as can be seen in Fig. D.1 (lower right),

should lower the maximum stress value. This was validated with FEA, but not applied,

as Concept II was discontinued.





Societal summary

The Extremely Large Telescope (ELT), which will be located on the top of a mountain

in Chile, aims to study the Universe in even higher detail than presently is possible

with ground-based and space-based telescopes. The ELT, with its 39-metre-diameter

primary mirror, will feature adaptive optics, to correct for disturbances from our at-

mosphere, and will have multiple large science instruments. It will be able to make

images 15 times sharper than the Hubble Space Telescope, and it will gather 15 times

more light than the present largest optical telescopes on Earth.

The ELT will tackle the biggest scientific challenges of our time, including tracking

down Earth-like planets around other stars where life could exist - one of the holy

grails of modern observational astronomy. Not only through indirect measurements

of the wobbling motion of stars perturbed by the planets that orbit them, but also

by directly imaging Earth-like exoplanets and even the characterisation of their atmo-

spheres. One of the goals of the ELT is the possibility of making a direct measurement

of the acceleration of the Universe’s expansion, which would have a major impact on our

understanding of the Universe. The ELT will also search for possible variations in the

fundamental physical constants with time, which could have far-reaching consequences

for our comprehension of the general laws of physics. It will also make fundamental

contributions to cosmology by measuring the properties of the first stars and galaxies

and probing the nature of dark matter and dark energy.

As it is not possible to manufacture a 39-metre mirror in one piece, the primary mirror

is an assembly of 798 hexagonal segments. Each segment is made of a glass-ceramic,

about 1.4 m wide and 50 mm thick, and, with its support integrated, it weighs almost

270 kg. The segments have to be accurately aligned with respect to each other to

function as one 39-metre mirror. Three position actuators (PACTs) are responsible

for the active alignment of each segment in presence of frame vibrations, deformations

of the telescope structure at various orientations, and the effect of wind on the mirror

surface. Therefore, the position actuators will have an important role in the success of

the ELT. Compared to position actuators of previous telescopes, the required stroke

and positioning performance are increased, while the allowed thermal dissipation re-
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quirements have remained approximately the same.

This thesis describes the dynamic analysis, design, realisation, and testing of position

actuators for the ELT. Dynamic analyses have been performed on previous PACT pro-

totypes for the ELT. A cost-effective design has been presented, making use of the

lessons learned from the previous prototypes. Experimental validation shows a posi-

tioning performance of 1.7 nm RMS and a stroke of more than 15 mm. To put this

positioning performance in perspective: a human fingernail grows with approximately

1 nm every second.
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Stagairs, in het bijzonder Pim en Corné. Hoewel jullie werk niet direct in mijn ontwerp
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Stellingen 

behorende bij het proefschrift 
Position Actuator for the ELT Primary Mirror 

 
 

1. De modale input en output waarden kunnen gebruikt worden om op een systematische 
manier te zoeken naar effecten van input- en outputkeuze op het aanslaan van eigenmodes 
(dit proefschrift, Hoofdstuk 2). 

 
2. De positioneringsnauwkeurigheid en de bewegingskwaliteit van een “harde” grove trap 

actuator heeft een grotere invloed op de positioneringsprestatie van een tweetraps 
positieactuator met een “harde” fijne trap dan met een “zachte” fijne trap (dit proefschrift, 
Hoofdstuk 3). 

 
3. Scherp gevouwen bladveren kunnen naast de functie van elastische rechtgeleiding, ook de 

functie van gewichtscompensatie vervullen (dit proefschrift, Hoofdstuk 3). 
 

4. Een segmentmeetmachine op basis van een één-punts-scantechniek is in staat binnen de 
vereiste vormmeetonzekerheid te meten (dit proefschrift, Appendix A). 
 

5. Om de prestatie van de ELT primaire spiegelsegmenten te waarborgen, zou het 
actuatorontwerp beter geïntegreerd zijn in het ontwerp van de segmentophanging. 

 
6. Het Pareto-principe blijkt ook van toepassing op het construeren van mechanische systemen: 

typisch 80% van het resultaat komt voort uit 20% van de inspanning. De andere 80% van de 
inspanning is echter nodig om ook tot de laatste 20% van het resultaat te komen. 

 
7. Hoewel wetenschappelijke aanbestedingsprojecten vaak stuklopen op financiële 

voorwaarden, zou er een dialoog moeten ontstaan waarbij naast financiële overwegingen, 
ook technische overwegingen en streven naar kwaliteit evenredig meetellen. 

 
8. Beschouwt men een pees als meerdere parallelle draden op trek, dan zou ongelijke belasting 

van die individuele draden wel eens de reden van vele Achillespeesrupturen kunnen zijn. 
 

9. Met de invoering van het leenstelsel voor studenten verdwijnt de versterking van Nederland’s 
positie als kenniseconomie juist uit het gezichtsveld. 

 
10. Het voordeel van “maximaal lenen” voor studenten, ingegeven door het leenstelsel, gaat 

alleen op indien het niet-direct-benodigde geld goed geïnvesteerd wordt en niet uitgegeven 
aan “leven.” 

 
11. Veelvuldig en lange tijd achtereen zitten is, na roken en overmatige alcoholconsumptie, een 

volgende bedreiging voor de volksgezondheid. 
 

12. Een groot deel van de sportschoolbezoekende bevolking zou effectiever bezig zijn voor de 
gezondheid door heen en weer naar de sportschool te fietsen, dan de bezigheidstherapie die 
ze doorgaans praktiseren. 

 
Arjo Bos 

september 2017  



 
Propositions 

accompanying the thesis 
Position Actuator for the ELT Primary Mirror 

 
 

1. The modal input and output values can be used to search in a systematic way for effects of 
input and output selection on the excitation of eigenmodes (this thesis, Chapter 2). 

 
2. The positioning accuracy and smoothness of a ‘hard’ coarse stage actuator has a greater 

influence on the positioning performance of a two-stage position actuator  with a ‘hard’ fine 
stage than one with a ‘soft’ fine stage (this thesis, Chapter 3). 

 
3. Sharp-folded plate springs can also perform the function of weight compensation in addition 

to being a flexure-based straightguide (this thesis, Chapter 3). 
 

4. A segment measurement machine based on a single-point scanning technique is capable of 
measuring within the required form measurement uncertainty (this thesis, Appendix A). 

 
5. To ensure the performance of the ELT primary mirror segments, the actuator design would be 

better integrated into the design of the segment support. 
 

6. The Pareto principle also applies to the design of mechanical systems: typically 80% of the 
result is achieved with 20% of the effort. The other 80% of the effort, however, is needed to 
reach the final 20% of the result. 

 
7. Although scientific tenders often fail on financial terms, a dialogue should be started in which, 

in addition to financial considerations, technical considerations and quality are equally 
important. 

 
8. If one considers a tendon as multiple parallel wires, loaded in tension, uneven loading of these 

individual wires may be the reason for many Achilles tendon ruptures. 
 

9. With the introduction of the student loan system, the strengthening of the Netherlands' 
position as a knowledge economy is disappearing from sight. 

 
10. The advantage of ‘maximum lending’ for students, inspired by the loan system, only applies if 

the remaining money, which is not directly required, is invested well and not spent on ‘life.’ 
 

11. Frequent and long periods of continuous sitting still is the next threat to public health after 
smoking and excessive alcohol consumption. 

 
12. A large proportion of the gym-visiting population would be more effective health-wise by 

cycling back and forth to the gym, than the busywork they usually practise. 
 

Arjo Bos 
September 2017 




