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ID31 Positioning Stage: The Micro Station

Z motion [um]
=

-0.5

50kg Payload capability

Stacked Stages:
* High Mobility

* Limited accuracy (= 10um)

0
Y motion [uml




New Positioning Needs: From pm to nm
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Nano Active Stabilization System (NASS) - Concept

Online Metrology System

Active Platform

Not part of this PhD Thesis

A

Control System and Instrumentatiy
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K(s) ADC > [—

ID31 MicroStation

Goal: Keep the Pol of the sample on the beam
(200nm x 100nm), as the micro-station is

performing scans




Challenges for the design of the NASS
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Outline - Design Strategy

Detail Design Phase
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Conceptual Design Development

Conceptual Phase

Dynamical Models
Quick evaluation -
of concepts

Increasing
model complexity fe

Closed-loop

simulations s S e DR Multi-Body Model




Uniaxial Model

Dynamical Identification

Disturbance Measurements
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Mass-Spring-Damper Model
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Less coupling with the Better isolation from

micro-station dynamics micro-station vibrations
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Better Performances
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Rotating Model

Centrifugal Coriolis
Forces Effect

md, + cd, + (k —mQ?*)d, = F, + 2omQd,
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k, > mQ?

€
o
\

N x|

—_—e e )

Real Part 0

Regained unconditional IFF stability with kp

Stiff Active Platforms less impacted by

T. Dehaeze and C. Collette.
“Active Damping of Rotating Platforms Using Integral Force Feedback”.
In Engineering Research Express 2021
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Micro-Station — Modal Analysis <5 <y
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Micro-Station — Multi-Body Model

Multi-Body Model

Compliance Measurement

Solid bodies connected
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Active Platform — The Gough-Stewart Platform

Mobile platform

Spherical

Prismatic —

Universal Fixed platform

Multi-Body Model

Top Joint @
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Approximate Kinematic
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Jacobian

Matrix

15



Control Architecture
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Nano Active Stabilization System - Dynamics

Effect of Rotational Velocity

A

k= 1N/um

—
3
(=]

—
9
(o)

Amplitude [m/N]
2

—fa/fz'-szv(‘)‘
eci/ fi - 2, = 360 deg/s

-
=
o

180
90 t

Phase [deg]
(a)
|

-90 \W ~
-180 i A - ST
10° 10* 102 10°
Frequency [Hz]

Effect of Payload Mass
k = 1N/um

Z' 107
~
£
<
£ 10°
a2,
g
<
10—10 fﬁz/fz - OL
eL;/fl - IFF

10° 10! 10? 10°
Frequency [Hz|

17



Loop Gain
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Detail Design

Detail Design Phase

Specificiations Hybrid
from the models ~ Modelling

Validation of
the design

i

Dynamical Models

e

Multi Body Model

FEM

19



Mechanical Architecture — Optimal Geometry ?

Université Libre de Bruxelles

Cubic Architecture
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Modified Cubic Architecture

Struts Vertically Oriented Increased separation

Vertical stiffness

Horizontal stiffness

Vertical rotation stiffness
Horizontal rotation stiffness

NN

Vertical mobility

Horizontal mobility

Vertical rotation mobility
Horizontal rotation mobility

NN NN

YA

The NASS needs to handle

various payloads inertia

Active Platform Geometry
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Component Optimization — Hybrid Modeling

Reduced Order ‘\\ Va
Flexible Body \\
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P. Brumund and T. Dehaeze.

“Multibody Simulations with Reduced Order
Flexible Bodies Obtained by FEA”. In MEDSI 2020

Philipp Brumund
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Choice of Actuators and Design of Flexible Joints

Specifications

Stroke > 200 pum

Stiffness ® 1 N/um

Height < 50 mm

Force Sensor

Voice Coil

Specifications

Axial Stiffness > 100 N/pm

Bending Stiffness < 100 Nm/rad
Torsion Stiffness < 500 Nm/rad

Bending Stroke > 1 mrad

Piezoelectric APA300ML Flexible Toint G
oL
Stack Actuator exible Joint Geometry T
:: d = 0.25mm e
— Y rotation
R=3mm g

Amplified Piezoelectric Actuator (APA)
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Obtained Design — The “Nano Hexapod”

Top flexible Joint

Encoder ﬁ

Amplified

Piezoelectric

Actuator

Ruler support

Julien Bonnefoy Damien Coulomb
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Sensor Fusion and Complementary Filters
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Shaping of Complementary Filters

P(s) Synthesis Objective Mixed Sensitivity
w - H-infinity Synthesis
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T. Dehaeze, M. Verma, and C. Collette.
“Complementary Filters Shaping Using H-Infinity Synthesis”. In ICCMA 2019
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Closed-Loop Shaping using Complementary Filters

Virtual Sensor Fusion Proposed Control Architecture
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M. Verma, T. Dehaeze, G. Zhao, J. Watchi, and C. Collette.
“Virtual Sensor Fusion for High Precision Control”. In MSSP 2020
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Experimental Validation - Strategy

Dynamical Models

\ 4

i
»1
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Curelbe

Refine the model

using measurements

> Help to understand
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‘@‘ Kposition I '?{& &'—'

measured dynamics

Controller
optimization
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Amplified Piezoelectric Actuator - APA300ML

e
! . « 3 EP)
| Dynamical “repeatability
i : . : :

e 102[ ]

L = Axial Displacement Force Sensor
d B =
1 = 10" =
£ -
e 2
1S =
g <
I 2106 3
1= =
& ——APA1—APA 5 2 ——APA1—APAS
[ ——APA 2 —APA 6 g ——APA 2 —APA 6
I < —APA4——APA S 102 ~——APA 4 —APA §| |
i
P _180F

! i il '
i . @i 1801 | .
I 10! 10? 10° 10! 10° 10°

. . 1 Frequency [Hz| Frequency [Hz|
Air Bearing e

Tuning of the 2DoF Model
A B 107 ;
N

bkg Granite

Force Sensor

Encoder 10-6]

Amplitude d./u [m/V]
Amplitude V,/u [V/V]

1078

180 -
g" 90| \ i N %"
g Of Sl =L o
] el E
l‘f -90 =
(=9

-180 : - -180 . |

10! 10? 10 10t 10% 107

Frequency [Hz| Frequency [Hz|



Flexible Joints — Measured Bending Stiffness

Interface
with plates

Interface
with APA

mmmm e Force Sensor
ommmm e Half Cylinder

€----------- Flexible Joint
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Air Bearing |
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Conclusion:
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Nano Hexapod
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Nano Active Stabilization System — ID31
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Short Stroke Metrology
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Plant Dynamics

Dynamics from u; to e,

10—4;

Model

...................................................

P by, o

Amplitude [m/V]
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Frequency [Hz|

Interf D, [pm]
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5 i
0
-5t
== N easurement
= =cp = —0.2 deg
10 | | .
-10 -5 0 5) 10
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Comparing the measurements with the
model can help detect potential issues
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Effect of Payload Mass
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Integral Force Feedback
should be robust to the
change of payload
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Effect of Rotational Velocity

Amplitude [m/V]

1074 |

1075

1077

10
Frequency [Hz|

Dynamics not affected
by the rotation

Validates the control
kinematics
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Amplitude [m/V]

Amplitude [m/V]

Decentralized Integral Force Feedback (IFF)
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High Authority Controller (HAC)
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Tomography Experiments

Z motion [um]

X motion [pm]
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Tomography Experiments — Robustness to Change of Payload

1 5|
. >
| E; 0
e PTG a
5l
-10 . ! |
-10 -5 0 5 10
D, [pm)]
0'2 T T T T T T 0'2 T T
m =0 kg m =13 kg

D, [pm]
D, [pum]

02 1 Il Il 1 L 1 Il _02 1 1
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 -0.8 -0.6 -0.4
D, [ym]
0.2 T T T T T T T 0.2 T
m = 26 kg m = 39 kg

D, [pm)]
D, [pm)]

08 06 -04 02 0 0.2 04 06 08 08 06 -04




Z motion |um]|

0.5

Lateral Scans

0.4 —

0.3 —

0.2 —

0.1+

_

\

0
Y motion [uml

0.5

1.5

42



1

o o 1

= o 1

Lo L 1

1

1

1

1

1

1

1

1

TN S5

=3 =N

1

> =

= Qo

= =

: : |

= =

1

T s S

S & S

1

1

1

1

1

1

1

= = -

[} [=} 1

— — 1

1

1

1

1

1

1

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII |
“
) 1
— 1

1

1

1

1 R ) S

] ] 1

1 ''s 1

- — 1

L5 ! = .

1 1 = 1

== 'S 2 "

1 ' B = 1
Wu_ .m Ay 1
= 1 1
SR . :
[ox | 1 . ]

- & 1 ' o !
OF- 1 = ]
- X "

1 1 1

1 1 ]

1 1 1

1 1 1

1 1 1

1 1 1

1 1 1

1 1 1

1 1 1

1 1 ]

1 1 ]

1 [] ]

1 1 ]

“ 1 1

1

Closed-Loop Shaping with Complementary Filters
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Conclusion

Improve the Micro-Station accuracy
from = 10um down to = 100nm
without impacting the mobility

and payload capability

\i -------------------------- - "Robustness by design"
' | Predictive Design Control : Closed-Loop Shaping
: "Right the First Time" Performance ’:/
: and Robustness | |
: : 2 e O L
1 1 e CLu
' | Design of a rotating Experimental : 1
| 6DoF Active Platform Validation £
o L= : £
Conclusion B
Validated Concept S 4 1
Unique Positioning-Station: D, [pm]

High mobility / High Accuracy / 50kg payload capability E

New scientific oppotunities on ID31
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Perspectives
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