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BB ETEL product range

A comprehensive motion control solution
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Innovative Motion Control

BN The company
General data 2015

Headquarters: Motiers / Switzerland

Capital: 17.8 million CHF

Net sales: approx. 60 million CHF

Building area:
¢ Motiers — 14’700 m?
e Couvet — 1°660 m?

Worldwide employees: 349
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BN ETEL forward integration

From components to advanced motion systems

BASE

MOTION CONTROL




Innovative Motion Control

B Key takeaways

* Reduce the development time of control algorithms by around 40% by using high-level
programming in MATLAB and Simulink

+ Software tools:
» Developed simultaneously by using the same interface with Simulink Real-Time & stand-alone products
+ Deployed with small changes only to avoid error-prone implementation
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* Product development workflow
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Innovative Motion Control

BB HIL for development of control & commissioning
Simulink Real-Time used to accelerate development

« Controller in Simulink
» Commissioning software in MATLAB OOP

% Controll Hardware
‘D cmd ()= ontro”” >l | Under |Ov >

Test
Test Suite Verification

MATLAB Coder
Simulink Coder
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BB Software structure during development
Interface with Simulink Real-Time

Controller Feed-forward o
. L Synchronization
m setting calibration

““““““““““ System Motor Performance
Identification calibration measurement

@ Parameter Monitoring/ Trajectory
get/set Traces generation

Simulink Real-Time kernel

4\ MathWorks

Runtime @ 10/20kHz
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BB Switch over to stand-alone system

P Lk

» Commands

B 1 . . .
— + Monitoring
' TR i « Slave-slave communication
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B Software structure when deployed
Interface through EDI library

Controller Feed-forward L
. L Synchronization
setting calibration
perEmE System Motor Performance
Identification calibration measurement

4\ MithWorks

dsadlc.dll
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BB Stand-alone application

Currently investigating the creation of plug-ins for ComET

MATLAB

MATLAB
Compiler

& Standalone ]
{}Q Application :;::ﬁn

Stand-alone commissioning tool
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» Active isolation systems




Innovative Motion Control

BB M [solation systems

Motivation: Semiconductor market, lithography & process control

/ OptICS

=N — Wafer

Stage

The relative position between optics and wafer should
be stable to obtain a focused image
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BB M [solation systems

Motivation: Semiconductor market, lithography & process control

Image with poor Image with good
position stability position stability
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Source http://www.hwiscientific.com/news/press.html
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BB M [solation systems

Typical floor vibration sources

Street traffic
Machinery z)

(10-200 H Acoustic

vibrations
(above 20 Hz)

Motorized equipment
and instruments
(10-540 Hz)

Ground and upper floor
building resonance
(5-50 Hz)

Swaying of tall buildings
(0.1-5 Hz)
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Source http://www.laserfocusworld.com/articles/2010/06/vibration-control.html



Innovative Motion Control

-

1 1 IET —
A brief introccgluti![ion | | &u’. ET

active isolation system
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BN QUIET — Floor vibration isolation

A brief introduction
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BB QUIET — Stage movement compensation
A brief introduction

Simulation with badly tuned parameters and
base movements magnified x200
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BB Mechanical assembly

7

4 isolators

.
(

6 sensors
(only 3 in figure)
\_

(

8 motors

.
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BB System overview

Global control scheme / Feed-Forward \

Stage control

Position
Acceleration

Feed-forward

A

o

-

Feedback

N

0 C(s)

+
_M’
+
ch

A

J

v
— 6 Degree-of-Freedom (DoF) systems are tough to get up-and-running
+ All calculations with matrices

* |nter-axis communication issues
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B M Outline

« Commissioning tool
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BB Commissioning tool general overview

Available features by user

Feature Customer Internal use

Leveling 4 v
Controller setting v 4
Transmissibility v

measurement

System Identification v
Synchronization v
Motor calibration v
Feed-forward calibration v 4
Performance measurement v v

(4] QUIET Integrated System Validation Software 2,01
System Data Test Applications
Date Operator
22-Feb2016
System Serial Number Leveling
Choose system... i~
Test D .
est Descrton Control Setting
Result File Name
Identification
-
Synchronization
Result File ~ -
Kt Calibration
FFwd Calibration
Connect to System
Mot connected R

— Deployed as stand-alone application using the MATLAB Compiler for
customers and internal use
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BB QUIET Commissioning Tool

Leveling

— —— ™
4| QUIET Leveling Software 3.01 - ' . = |
System Leveling Display | Static Masses Tuning Display
System Status Ready Height corr. 2:
-0.001 Imm]
0.0 [notch]
Leveling
Lin Scale 50
Height corr. 3:
Rot Scale 50 0000 [
[ wire frame display oo |[Mateh] Height corr. 1:
-0.000 [mm]
N _ 0.00 [notch]
Static Masses Tuning -0
| Static mass  Backup Controller Manual
X [ka] 114285 | | 114289 | 114289
Y [kl 1127 | (11127 | 11z
[ = ] [ fesd ] [ == ] Height corr. 4:
0.001 Imm]
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BB QUIET Commissioning Tool

Feedback controller setting

& & @
* This tool is used to set the PID -
System Filter Definition
C O n t ro I I ers an d th e fl I ters System Status Ready O nput @ Speed () Control Second-order Al
Pole frequency [Hz] 49.8432
X direction -
Regulators
X direction - Integ. gain [N/mm/s] 0 v dvectn ]
¥ direction ¥ Prop. gain [N/mm] 0 Low-Pass v:
Deriv_ gain [M-s/mm] 40 Apply
Regulator Bode Plot Filter Bode Plot
120 m 50
=)
_ 1o é 0
g ‘s ~
& GOy E 50 . L L
S
= 0 T T T
o 60 —_—
£ 2
< m
40 @ 100 \/
<
o
20 ! ! - ! 200 - ! ! -
107 10° 10’ 102 108 10% 107! 10° 10’ 102 10° 10%
Frequency [Hz] Frequency [Hz]
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BB QUIET Commissioning Tool

System identification

. . . . VAR b
* This tool is used to identify all
transfer functions in 6 DoF [
ystem Status Not conne: cled
* Intensive use of the Control x
Test & w0 . Y
System toolbox g AN
Posttion A COverride NOG Level [%] 85 %L = o T ~—
l 0rzZ = <E: 50/—*"'(”‘.:/ \__'"—-_,,_7 -’#W
i
I Display Setfing %
! ©) Fostion () Closed-loop % 0 ""\%—)_\\‘
° :DEMDDD § 500 \-\"‘&m
_ *) System ——
MIMO matrix inversion Transmissibility T | | | |
@x v @z ’ 10° 10! 102 10°
. o - Frequency [Hz]
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BB QUIET Commissioning Tool

Synchronization

FT QuiET Synchronization Software 3.01 - “ = e S|
H H H‘\- :7.\- ‘é.":' \'E L\\s
Exact delay compensation required
 Deterministic motion control HEET Display
. . System Status ot commecied Measured remaining delay X axis: 0.24 ms,
architecture crucial for performance . delay set in controller 21 MLTI
X axis (pasition based)
g 0.4 QuIET {current based)
Test / Display o 02f
_ g
@ X Axis w0
© ¥ Axis
© s 02 I I I I I I I I I I
& ca s 0 01 02 03 04 05 06 07 08 09 1
Time [s]
= SN
L
Results E 1k
Measured Controller b5
i o 0 S—
| X Axis 024 | Ms 21 | MLTI ‘% I =
il
¥ Asis 0 | ms 25 | MLTI 4l
| Z Aods < | ms o | ML o, s s s s s s . . . |
| S v ms o | MLT D1 02 03 04 05 06 07 08 09 1
Time [s]
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BB QUIET Commissioning Tool

H H {4 QUIET Feed Forward Tuning Software 201 =1
Feed-Forward calibration A oW
System Setting
System Status Not connected Variances Parameter Values
Init Final Backup Contreller Manual Tune Test
Steps Init 5 Mass Z 20 15 | [%] 0.0001| |0.0001] |o.0001 [kg] o mz
Auto-Tuning Final = & ZCoGx. 100 30 | [mm] 0 0 o | [mm] = ZCaGx
ZCoGy 100 30 [mm] 0 0 o | [mm] ]
Mass X 15 5 [%] 15702 15702 [15702) [ka]
Display Setting
%2CoGz | wo | | 25 | [mm]  [sse7a) so7a| [asazel [mm]
D Mess 2 2 it XCoGy w0 | [ 25 | mm] [sozr| sozm| [sozei| (mm)
) ZCoGx © Final
©) zoosy Mass Y 15 s | (%] 11385 11385 [11383] [kg)
1 Curve selection =
@ Nass XXZCoGz YCoGz | 100 | | 25 | [mm] [ase73| [2e573| [26573] [mm]
) XCoGy :‘ a7
©) Mass Y/YCoGZ XYCoGx 100 25 [mm] -9791¢ 87814 8791t [mm]
) XY CoBx. R
- ead| [ <=

L L L L L . o3 L L L L L
l 0 04 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1

Time [s] Time [s]

2 L L L L
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BN FF tuning example
Tuning

Model
+ X, Y stage, X at the top
» Parameters to determine
* Levers
* Masses
Example
* M, and Xcog,
« Stage movement in X and monitor X and Ry of base

F, My X

F = (md\_ +m, ) § Y \/V X

F 0

T, —(m(i‘, -Ycog_+m, - Xcog:)-jF (m“ + ms_‘,)-y g

I, |= m, - Xcog| X + -m,x-g

T. (m(ﬁ_- Ycog +m, -(x+ Xcogx))- y=m, - (y + Xcog‘l_)- X 0 30
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* Results
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BN Performance : Qualitative
No QUIET (passive isolation only)

0.04 m
= 1m/s
a = 1.2 m/s?

< O
1
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BB MW Performance : Qualitative
QUIET with 99% of force/torque cancellation

p =0.2m
v =1m/s
a = 6 m/s?
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B M Conclusion (1/2)
ETEL gains

High-level programming in MATLAB and Simulink:

» Test many options before selecting a hardware & communication architecture
« Engineers focus on their core competence

» Use all powerful mathematical tools required for 6 DoF control
* Number of iterations between development teams reduced by around 80%

Common software interface with Simulink Real-Time and stand-alone products and deploying with
MATLAB Compiler:

* Debug of commissioning algorithms during the development phase
» Avoid error-prone re-implementation
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B M Conclusion (2/2)

Things to remember for the future

Use software modeling (e.g. UML) from the start:
* Use OOP to enable seamless interface swap

+ Use a software architectural pattern (e.g. Model-View-ViewModel MVVM) to clearly separate the view
(GUI) from the model

Automatic code generation for the controllers:
« Avoid error-prone re-implementation
« Avoid issues with quantization effects, etc.
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BB Questions
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