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1. INTRODUCTION

1.1 CONTEXT OF THIS THESIS / BACKGROUND AND MOTIVATION

* European Synchrotron Radiation Facility (ESRF) (Figure 1.1)

Figure 1.1.: European Synchrotron Radiation Facility

¢ ID31 and Micro Station (Figure 1.2)

Figure 1.2.: Picture of the ID31 Micro-Station with annotations

Alternative: id31_microstation_cad_view.png (CAD view)

* X-ray beam + detectors + sample stage (Figure 1.3)
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List of Figures

Imagery System Positioning Station Focusing Optics

________________

Figure 1.3.: ID31 Beamline Schematic. With light source, nano-focusing optics, sample stage and detector.

* Few words about science made on ID31 and why nano-meter accuracy is required
* Typical experiments (tomography, ...), various samples (up to 50kg)

* Where to explain the goal of each stage? (e.g. micro-hexapod: static positioning, Ty and Raz:

scans, ...)

* Example of picture obtained (Figure 1.4)

Figure 1.4.: Image obtained on the ID31 beamline

* Explain wanted positioning accuracy and why micro-station cannot have this accuracy (back-

lash, play, thermal expansion, ...)

* Speak about the metrology concept, and why it is not included in this thesis

18
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1.2 CHALLENGE DEFINITION

OREN i
ST T
. 1 4

=
1

Figure 1.5.: Nass Concept. 1: micro-station, 2: nano-hexapod, 3: sample, 4: SDoF metrology

* 6DoF vibration control platform on top of a complex positioning platform
* Goal: Improve accuracy of 6DoF long stroke position platform
* Approach: Mechatronic approach / model based / predictive

¢ Control: Robust control approach / various payloads. First hexapod with control bandwidth

higher than the suspension modes that accepts various payloads?
* Rotation aspect

¢ Compactness? (more related to mechanical design)

1.3 LITERATURE REVIEW

* HexapodsliO1_simul_fault_vibrat_isolat_point bishop02_devel _precis_point_contr_vibrat
hanieh03_activ_stewar afzali-farl6_vibrat_dynam_isotr_hexap_analy_studies naves20_desig
file:///home/thomas/Cloud/work-projects/ID31-NASS/matlab/stewart-simscape/org/bibliography.

org
* Positioning stations

* Mechatronicapproach? rankers98_machin monkhorst04_dynam_error_budgetjabben07_mechat

1.4 OUTLINE OF THESIS / THESIS SUMMARY / THESIS CONTRIBUTIONS

Mechatronic Design Approach / Model Based Design:

19
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List of Figures

(a) Stewart platform based on voice coil actuators

Figure 1.6.: Examples of Stewart Platforms

(b) Stewart platform based on piezoelectric actuators

* monkhorst04_dynam_error_budget high costs of the design process: the designed system

must be first time right. When the system is finally build, its performance level should satisfy

the specifications. No significant changes are allowed in the post design phase. Because of this,

the designer wants to be able to predict the performance of the system a-priori and gain insight

in the performance limiting factors of the system.

2 - Detail Design Phase

Instrumentation Mech. Design FEM Prgc”re
Sensors, Actuators Proper integration Optimize key parts: e
Electronics Ease of assembly Joints, Plates, APA
. CAD . Super .
S f. S f. S f.
MOdEI‘r pect model pect Element pedt
o v Hexapod Model Dynamical Models Requirements Assembly ?’
@ .
E] Different concepts Extensive use of models for: Struts =
A, | Sensors, Actuators Optimization Model refinement Nano-Hexapod Pg
= - « Extraction of transfer functions &
g Disturbances Measurements « Choice of appropriate control architecture Control Laws Test Benches §
2| Ground motion Snectral Analvsis « Tuning of control laws < Instrumentation &
g Position errors P ¥ « Closed loop simulations Model refinement APA, Struts 5,
8 1t Station Meastiroments . Noiste }.:ﬂ:ldgets / Evaluation o_f performances Control Laws Implementation ;
. Multiple stages DT > « Sensibility to parameters / disturbances Control tests E—
| Complex dynamics ode Models are at the core the mecatronic approach! [ Model refinement p Station &
Figure 1.7.: Overview of the mechatronic approach used for the Nano-Active-Stabilization-System
Goals:
* Design Nano Active Stabilization System (NASS) such that it is easy to control (and maintain).
Have good performances by design and not by complex control strategies.
Models:

¢ Uniaxial Model:

— Effect of limited support compliance

— Eftect of change of payload

20
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* Rotating Model
— Gyroscopic effects
* Multi Body Model

* Finite Element Models
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2.5.3.  Model of an Amplified Piezoelectric Actuator . . . . . . . .. ..o L. 32
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2.6. Control Architecture - Concept Validation . . . . . . .. ... ... ... .. 32
2.61. Control Kinematics . . . . . . . . v vttt e e e e e e e 33
2.6.2.  High Authority Control - Low Authority Control (HAC-LAC) . . . .. ... .. 33
2.6.3.  Decoupling Strategies for parallel manipulators . . . . . . ... ..o 33
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ABSTRACT

2.1 UN1-AXIAL MODEL

* Explain what we want to capture with this model

* Schematic of the uniaxial model (with X-ray)

* Identification of disturbances (ground motion, stage vibrations)

* Optimal nano-hexapod stiffness/actuator: Voice coil VS Piezo (conclusion?)

* Control architecture (IFF, DVF, ...)?

¢ Conclusion

24



List of Figures

—

Simulation of experiments

Rotating Model

Uniaxial Model

Multi-Body Model Validation of
concept

Modal Analysis

Measurements of disturbances

Figure 2.1.: Figure caption

v-hexapod

+ u

p-station K

1
ITI fi ...... dy

granite

ﬁt

Figure 2.2.: 3-DoF uniaxial mass-spring-damper model of the NASS
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List of Figures

2.1.1 Micro StaTiON MODEL

2.1.2 Nano Hexarop MoODEL

2.1.3 DISTURBANCE IDENTIFICATION

2.1.4 OrEN Loor Dynamic NOISE BUDGETING

* List all disturbances with their spectral densities
¢ Show how they have been measured

* Say that repeatable errors can be calibrated (show measurement of Hans-Peter?)

Figure 2.3.: Setup used to measure the micro-station vibrations during operation

2.1.5 AcTtiveE DAMPING

Conclusion: IFF is better for this application
INTEGRAL FORCE FEEDBACK
* Mass spring damper model

* Root Locus

* Sensitivity to disturbances

26



List of Figures

Figure 2.4.: Amplitude Spectral density of the measured disturbance sources

DirecT VELOCITY FEEDBACK
* Mass spring damper model
* Root Locus

* Sensitivity to disturbances

2.1.6 PositioN FEEDBACK CONTROLLER
2.1.7 EFFECT OF SUPPORT COMPLIANCE

* goal: make the nano-hexapod independent of the support compliance
¢ Simple 2DoF model
* Generalized to any support compliance

* conclusion: frequency of nano-hexapod resonances should be lower than first suspension mode
of the support
2.1.8 EFFECT OF PAYLOAD DYNAMICS

* goal: be robust to a change of payload
* Simple 2DoF model

* Generalized to any payload dynamics

27
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2.1.9 CONCLUSION

2.2 EFFECT OF ROTATION

Papers:
* dehaeze20_activ_dampin_rotat_platf_integ_force_feedb

* [1]

2.2.1 SYSTEM DESCRIPTION AND ANALYSIS

* x-y-Rz model
* explain why this is representing the NASS
* Equation of motion

* Centrifugal forces, Coriolis

Figure 2.5.: Mass spring damper model of an X-Y stage on top of a rotating stage

2.2.2 INTEGRAL FORCE FEEDBACK

¢ Control diagram

28



List of Figures

* Root Locus: unstable with pure IFF

2.2.3 IFF wiTtH AN HiGH Pass FILTER

2.2.4 IFF WITH A STIFFNESS IN PARALLEL WITH THE FORCE SENSOR
2.2.5 RELATIVE DAMPING CONTROL

2.2.6 COMPARISON OF ACTIVE DAMPING TECHNIQUES

2.2.7 RoTATING NANO-HEXAPOD

2.2.8 NANO ACTIVE STABILIZATION SYSTEM WITH ROTATION
2.2.9 CONCLUSION

* problem with voice coil actuator
* Two solutions: add parallel stiftness, or change controller
¢ Conclusion: minimum stiffness is required

* APA is anice architecture for parallel stiffness + integrated force sensor (have to speak about IFF
before that)

2.3 MICRO STATION - MODAL ANALYSIS

Conclusion:

* complex dynamics: need multi-body model of the micro-station to represent the limited com-

pliance...

2.3.1 MEASUREMENT SETUP
2.3.2 FREQUENCY ANALYSIS
2.3.3 MoODAL ANALYSIS

2.4 MIcrRo STATION - MULTI BOoDY MODEL

2.4.1 KINEMATICS

file:///home/thomas/Cloud/work-projects/ID31-NASS/matlab/nass-simscape/org/kinematics.org

* Small overview of each stage and associated stiftnesses / inertia
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List of Figures

Figure 2.6.: 3D view of the multi-body model of the micro-station

¢ schematic that shows to considered DoF
* import from CAD
2.4.2 MopAL ANALYSIS AND DYNAMIC MODELING

* Picture of the experimental setup

* Location of accelerometers

* Show obtained modes

¢ Validation of rigid body assumption

* Explain how this helps tuning the multi-body model
2.4.3 DISTURBANCES AND POSITIONING ERRORS

2.4.4 VALIDATION OF THE MODEL

* Most important metric: support compliance

¢ Compare model and measurement

2.5 NaNo Hexarop - MuLTiI Bopy MODEL

* What we want to capture with this model

30
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‘U-‘%

(a) Initial position (b) After some motion

Figure 2.7.: Stewart Platform Architecture

* Explain what is a multi body model (rigid body, springs, etc...)

* Key elements (plates, joints, struts): for now simplistic model (rigid body elements, perfect

joints, ...), but in next section, FEM will be used

* Matlab/Simulink developed toolbox for the study of Stewart platforms

2.5.1 STEWART PLATFORM ARCHITECTURE

Conﬁgurable Simscape Model: fite: ///home/thomas/Cloud/work-projects/ID31-NASS/matlab/stewart-simscape/

org
* Explain the different frames, etc...
* Little review
* explain key elements:
— two plates
— joints
— actuators

* explain advantages compared to serial architecture

2.5.2 KINEMATICS

¢ Well define elements, frames, ...
* Derivation of jacobian matrices: for forces and for displacement

* Explain this is true for small displacements (show how small)

31
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List of Figures

2.5.3 MODEL OF AN AMPLIFIED PIEZOELECTRIC ACTUATOR

* APA test bench

* Diezoelectric effects

* mass spring damper representation (2dof)
* Compare the model and the experiment

* Here, just a basic 2DoF model of the APA is used

2.5.4 DynamMics oF THE NaANO-HEXAPOD

* Effect of joints stiffnesses

The APA model should maybe not be used here, same for the nice top and bottom plates. Here

the detailed design is not yet performed

Figure 2.8.: 3D view of the multi-body model of the Nano-Hexapod (simplified)

2.6 CONTROL ARCHITECTURE - CONCEPT VALIDATION

Discussion of:

* Transformation matrices / control architecture (computation of the position error in the frame

of the nano-hexapod)

¢ Control of parallel architectures

32



List of Figures

¢ Control in the frame of struts or cartesian?

¢ Effect of rotation on IFF? => APA

HAC-LAC

* New noise budgeting?

2.6.1 CoNTrROL KINEMATICS

* Explain how the position error can be expressed in the frame of the nano-hexapod
* block diagram

* Explain how to go from external metrology to the frame of the nano-hexapod

2.6.2 HicH AuTHORITY CONTROL - Low AuTHORITY CONTROL (HAC-LACQC)

* general idea

* case for parallel manipulator: decentralized LAC + centralized HAC

2.6.3 DECOUPLING STRATEGIES FOR PARALLEL MANIPULATORS

study

* Jacobian matrices, CoK, CoM, ...

¢ Discussion of cubic architecture

e SVD, Modal, ...

2.6.4 DECENTRALIZED INTEGRAL FORCE FEEDBACK (LAC)
* Root Locus
* Damping optimization

2.6.5 DECoOUPLED DYNAMICS

¢ Centralized HAC
¢ Control in the frame of the struts

e Effect of IFF

33
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List of Figures

2.6.6 CENTRALIZED PosITION CONTROLLER (HAC)

* Decoupled plant

¢ Controller design

2.7 CONCEPTUAL DESIGN - CONCLUSION
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Optimal Geometry FEM - Super Element Actuator: APA Flexible Joints

Obtained Mechanical Design

Top flexible Joint
A
'
'
Encoder !
95mm:
Amplified :
Piezoelectric .
Actuator .
'
Ruler support '
:
'
\

Bot Flexible Joint

Figure 3.1.: Figure caption

3.1 Nano-Hexarop KINEMATICS - OPTIMAL GEOMETRY?

Maybe this can be just merged with the last section in this chapter?

3.1.1 OPTIMAL STRUT ORIENTATION
3.1.2 CUBIC ARCHITECTURE: A SPECIAL CASE?

file:///home/thomas/Cloud/work-projects/ID31-NASS/matlab/stewart-simscape/org/cubic-configuration.

org

3.2 NaANoO-HExAroD DYNAMICS - INCLUDING FLEXIBLE ELEMENTS IN

THE MULTI-BODY MODEL

Should this be an appendix?
Reduced order flexible bodies [2]
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List of Figures

* Used with APA, Flexible joints, Plates

3.2.1 REDUCED ORDER FLEXIBLE BODIES

* Quick explanation of the theory

* Implementation with Ansys (or Comsol) and Simscape

3.2.2 NUMERICAL VALIDATION

* Numerical Validation Ansys VS Simscape (APA)
* Figure with 0 and 1kg mass

3.2.3 EXPERIMENTAL VALIDATION

¢ Test bench

* Obtained transfer functions and comparison with Simscape model with reduced order flexible

body

3.3 ActuaTOR CHOICE

* From previous study: APA seems a nice choice

* First tests with the APA95SML: validation of a basic model (maybe already presented)
* Optimal stiffness?

¢ Talk about piezoelectric actuator? bandwidth? noise?

* Specifications: stiffness, stroke, ... => choice of the APA

* FEM of the APA

¢ Validation with flexible APA in the simscape model

3.3.1 MODEL

Piezoelectric equations

* FEM
* Simscape model

* (2DoF, FEM, ...)
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List of Figures

Figure 3.2.: Schematical representation of an Amplified Piezoelectric Actuator

Figure 3.3.: Schematical representation of a 2DoF model of an Amplified Piezoelectric Actuator

Figure 3.4.: Schematical representation of a FEM of an Amplified Piezoelectric Actuator
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Perfect Joints
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Figure 3.5.: Limitation of the attainable damping due to the APA design

3.3.2 EXPERIMENTAL SYSTEM IDENTIFICATION

* Experimental validation (granite test bench)

* Electrical parameters

* Required instrumentation to read force sensor?

¢ Add resistor to include high pass filtering: no risk of saturating the ADC

* Estimation of piezoelectric parameters

3.3.3 VALIDATION WITH SIMSCAPE MODEL

* Tuned Simscape model

¢ IFF results: OK

3.4 DESIGN OF NANO-HEXAPOD FLEXIBLE JOINTS

* Derfect flexible joint

* Imperfection of the flexible joint: Model
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List of Figures

* Study of the effect of limited stiffness in constrain directions and non-null stiffness in other

directions
* Obtained Specification
* Design optimisation (FEM)

* Implementation of flexible elements in the Simscape model: close to simplified model

3.4.1 EFFECT OF FLEXIBLE JOINT CHARACTERISTICS ON OBTAINED DYNAMICS

* Based on Simscape model
* Effect of axial stiffness, bending stiffness, ...

* Obtained specifications (trade-off)

3.4.2 FLEXIBLE JOINT GEOMETRY OPTIMIZATION

¢ Chosen geometry
¢ Show different existing geometry for flexible joints used on hexapods
* Optimisation with Ansys

* Validation with Simscape model

3.4.3 EXPERIMENTAL IDENTIFICATION

* Experimental validation, characterisation (study)
* Visual inspection
* Test bench

¢ Obtained results

3.5 CHOICE OF INSTRUMENTATION

¢ Discussion of the choice of other elements:
Encoder

— DAC

ADC (reading of the force sensors)

real time controller

Voltage amplifiers

* Give some requirements + chosen elements + measurements / validation
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3.5.1 DAC anp ADC

* Force sensor

3.5.2 VOLTAGE AMPLIFIER (LINK)

¢ Test Bench: capacitive load, ADC, DAC, Instrumentation amplifier
* Noise measurement

¢ Transfer function measurement

3.5.3 ENCODER (LINK)

* Noise measurement

3.6 OBTAINED DESIGN

* Explain again the different specifications in terms of space, payload, etc..

CAD view of the nano-hexapod
¢ Chosen geometry, materials, ease of mounting, cabling, ...

* Validation on Simscape with accurate model?

3.7 DETAILED DESIGN - CONCLUSION

List of Figures
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Figure 4.1.: Figure caption
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4.5 RotaTING NANO-HEXAPOD

4.6 ID31 Mi1CRO STATION
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S. CONCLUSION AND FUTURE WORK

S.1 ALTERNATIVE ARCHITECTURE

file:///home/thomas/Cloud/work-projects/ID31-NASS/matlab/nass-simscape/org/alternative-micro-station-architecture.

org
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APPENDIX A

MATHEMATICAL TOOLS FOR MECHATRONICS

A.1 FEEDBACK CONTROL

A.2 DynamMmicAL NoOi1SE BUDGETING

A.2.1 PowER SPECTRAL DENSITY

A.2.2 CUMULATIVE AMPLITUDE SPECTRUM
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APPENDIX B

STEWART PLATFORM - KINEMATICS
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ACRONYMS

Notation Description

ESRF European Synchrotron Radiation Facility
NASS Nano Active Stabilization System
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(GGLOSSARY

Notation Description

o) A woody bush
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