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Simple Feedback control design (IMC)
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Simple Lumped mass model example

2 lumped masses (LM) with temperatures T; and T,
Heat exchange with surrounding air on both LM’s
Heat exchange with cooling water on LM,

Heat exchange between LM, and LM,

Heat load on LM;

Twater

QneatT Ty T, Rueter

Metrology Frame

Shielded metrology frame:
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~ Aluminum shielding acts as a thermal low pass filter;
~ and increases the temperature uniformity of the metrology frame.

Sensor Calibration

Philips Apptech developed own calibration setup:

Consistof an isotherm metal block of which the temperature is measured by 3 calibrated
NTCs (ref. to absolute temperature scale). In this metal block the sensors under calibration

can be installed

Isothermal block is created inside
metal container which is
conditioned by water.

« Static gradients negligible:
AT < 0.2 mK

« Absolute accuracy reference
temperature 2.5 mK

Asminum container

calibrated
sensors to be
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Mechatronics Academy

@ In the past, many trainings were developed within Philips to
train own staff, but the training center CTT stopped.

@ Mechatronics Academy B.V. has been setup to provide
continuity of the existing trainings and develop new
trainings in the field of precision mechatronics. It is founded

and run by:
@ Prof. Maarten Steinbuch
@ Prof. Jan van Eijk
@ Dr. Adrian Rankers

@ We cooperate in the High Tech Institute consortium that
provides sales, marketing and back office functions.
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Course Director(s) / Trainers

Teachers

* Dr.ir. T.A.M. Ruijl (MI-Partners)
* Ing. J. van der Sanden (ASML)
* Ir. Marco Koevoets (ASML)

 Dr.ir. Rob van Gils (Philips Innovation Services)

Course Director(s)
* Dr.ir. T.A.M. Ruijl (MI-Partners)

« Dr.ir. A.M. Rankers (Mechatronics Academy)
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Program

Basic Theory
Lunch
Basic Theory - continued

Introduction to modeling techniques: building lump-mass models part

Recap day

Precise temperature measurements
Case Cryo

Lunch

Case, Cryo - continued

Design for Thermal Stability + Case Shielding

Active Thermal Control
Lunch

Advanced Topics
- model reduction / thermal modes / compensation & sensor placement
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Day 1 (morning): Basic Theory

Heat loads

Heat load to position error

environment coolant people machine process

Heat sources

o
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heat fiow
@ eory O eal transiter 100 e
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orevions frermal Heat transfer
“state (memory) >
h _ﬂ . _ﬂ p (temperature
» Theory fluid flow distibution)
_
= =
» Theory thermal deformations
>~ Thermal deformation
» Transient effects _
Ref JB. Bryan 1990
» Vacuum aspects
Common heat loads in Mechatronic Systems Summary: Heat transfer mechanism Summary: Deformations
AT is driving potential for energy flow. ,—I Linear thermal expansion:
* Motors, actuators, measurements systems, sensors and additional AT=R‘h 'Q AL=L-a-AT
electronicsclose to the machine § T=uniform
. N
1 Conduction |R = G| e e ]
Example: LIMMS motor ’ th A A
Thermal bending:
T hheat rensfer coefficient { WAmZK)
1 =fitype of fluid, geometry, velocity,...) _ a-AT-L
2. Convection |R,=—— H
(boundary fluid and solid) ! h A
2 of 3 windings powered 1 tas szﬂ':mm heat transfer cosfiicient for radiation ”"Tbo;—_‘\-“/-?:—ﬁ f= a-AT- I
Thermal issues: 3. Radiation Rr = S:spg:m:# on absolute temperature of both ) 2H
« Internal temperature = lifetime, degradation of insulation h h A objects, geomelry (view factors), emissivity's
* Heat load to frame = accuracy, heat “loss” to structure rad
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Day 1 (afternoon):. Modelling

»  Why lumped mass modeling

» Simple Lumped mass model example

» Analysis and simulation using a state space description

. Stationary solution

° Transient simulation

. Frequency domain analysis

» EXxercises

. simple lumped mass model (deriving system matrices)

. effects of cooling water

. analyzing a temperature sensor

Why lumped mass modeling

Increasing level of detial

(ferier Frrees Concept Design Phase

System Design Phase

Component Dosign Phase

Realisation/Integration Phase

Component/System Validation Phase.

r
A

Thermal Design [ concoptiSystem lovel modeling || Componentlevel modeling |+ Validation/Ex

[t

berimental tools and techniques

Need for:
« Component optimization, with:
- Detailed information

Needfor:

« Fast results, allowed be rough (1st-order)
- High model flexibility

- ion between

- Modeling without detailed formation

{ Lump-mass model
I3 I

- y set
- Thermal and thermal-elastic

Simple Lumped mass model exampls

+ 2 lumped masses (LM) with temperatures T, and T,
» Heat exchange with surrounding air on both LM's

» Heat exchange with cooling water on LM,

» Heat exchange between LM, and LM,

» Heat load on LM,

Thermal lumped mass equations in state space

description
ET +KT -Li
T ——E'KT+E'Li

| with:

* General thermal equation:

* Thermal state space: [:

A=-EK
-1
B=E"L Unity matrix if all
" temperatures are
C=1* desired as output
D=0

+ In Matlab:

Create system

Ralm Ta" Rairz
R12
mic, M MGy }—-—‘Twm
Rieter
qnealT T T,
mechatronics
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Sensor model

How well is temperature of metal part measured ?
* Make a schematic sensor model (masses and thermal resistances)
* What questions could be answered with this model?

Insulation @ Imm

Sensor glued in Alu cube (10x10:10 mm’)

convective air flow h=7 W/m'’K N B
conductive wire
(Cu, k=355 WinK, d=0.1 mm (2c))

Glue layer (30 wm, k=02 WmK)

Alucube

Alu cube

Glue holding sensor (50 wm gap)

Sensor (@ Inom, I=3mm)

=
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Day 2 (morning): Temp. Measurement

Spot Sensor types:
= Thermocouples

s Resistance based sensors

« RTD (Resistance Temperature Detector)

» Thermistor: NTC (Negative Temperature Coefficient)

Performing Real Measurements

s From True to Observed value

« Real Ideal Sensor Model

s Temperature measurement of Solids/Liquids/Gas

» Dynamic behaviour, general remarks

» Sensor Calibration

IR Temperature Meters:
sPrinciple and limitations
sIR spot meters

oIR scanners/imaging system

mechatronics
uk academy

Output voltage is given by AT, not only by T2:
+ So, T1 should be hold constant and known
« Or, T1 is measured differently (e.g. RTD)

+ Dedicated temperature indicator

— Suited for several types (K, J and T)
— Much easier to use
— Direct read out of temperature

but can read more channels

= T
my) T,

— Cold junction reference inside equipment

« Data loggers (Agilent, Fluke Hydra etc.) work the same,

Resistance Based Sensors

Source US Sensor

Main problems:
+ Noise (e.g shielded cables)
+ Self heating of sensor

+ Use low currents, P=I?R (PT100 typical 1mA so 0.1 mW;
thermistor typical 10 uA, so 1..10 uW;

+ Use intermitted currents
(used in Agilent 34970A)
+ Typical heating coefficient 1mW/K in air

Use of sensor in control loop

You need a relatively high speed data sampling
rate with intermitted very low currents

Philips Apptech design

Performing Real Measurements

Sensor for measuring fast and accurately in water

« Static gradients negligible:

« Absolute accuracy reference

brainport

Sensor Calibration

Philips Apptech developed own calibration setup:
Consist of an isotherm metal block of which the temperature is measured by 3 calibrated
NTCs (ref. to absolute temperature scale). In this metal block the sensors under calibration

can be installed.

Isothermal block is created inside
metal container which is
conditioned by water

Water — |
cooling

AT <0.2mK

temperature 2.5 mK

Aluminum container

First — Evolution o Final sensor
__— YsI-51A58
e

/
Metal block with 3 calibrated R 100k 0
reference NTCs and sensors to be b 51a58
calibrated fencing a
N BV bolt
led at
hss rod with
pe
Shrink-on tube Very good water
D extending in side bolt resistant

Isolation
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Day 2 (morning/afternoon): Case

Exercise: Determine thermal resistance of braid

This braid is used in an electron microscope to cool a sample, which is
positioned on a TEM stage, down to cryogenic temperatures (e.g. 100 K).

REV] CaE 1 [ic] CESCRPION OF (HAYGE 1 [

% | Oolesm | T, wetren

Braid between cooling rods S— 1

i ||

10 102 (2]

Sacion XX ﬂf%t

255 =22 (2%
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ic versus static measurements

o Kaia+ Kooy, Korua

~

Mlcpl
=

s Ko > Kan)) = 12~
K pid + K paars, .

Moy,

Use theee lengths of Item 1 -
[ten 1 consists Tx3xl0 wres of L0 ANG ‘.;'I‘"'.'-::}’” Cesnest 4
The bracs has 3xPhaxb0 wires ofte: caanng || % 1T

o My:

Transferfunction:

ic versus static measurements

dr,
20 =Kl *T;)+Kwu;(TMrTz):M:Cg;7:

Karaialy = (K + K, )T = M€ ST

KanI KBm.d
T, Kowa*Krawe,  Kowa *Kraw,
T My, s +1

s+1

Kﬁmui +KMM~

==
Duire= 0.0799mm
Laplace s:
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Day 2 (afternoon): Design for TEMS

System level design approach

» Basic design rules for precision equipment

»  Structural and metrology function Commen GHIM wif micron aceuracy

Simple down scaling?

» Thermal design considerations

» Example case: Ultra precision CMM

New machine concept?

. System level design approach

Concept analysis on Metrology/Dynamics/Thermal

Thermal shielding showed that downscaling only is not enough,
different machine concept is needed.

. Structural and metrology function

. Metrology frame support

° Static versus transient behavior

S L . . Metrology Frame
s Minimizing heat generation in manipulation system %
Shielded metrology frame:
2 Thermal Compensat|0n Aluminum shielding (low pass filter): — Aluminum shielding acts as a thermal low pass filter;
— and increases the temperature uniformity of the metrology frame.
. . i , . - =
»  Shielding and enclosure (case) T ol 7 promd ) comecion =
I . SR |
E_ g7l without siu‘e;‘d‘mg' '_/‘;,—/-""f'
5 o3 4
EY Yy "L with shielding
g ;s
gost /)
;.‘E 01 ;f / I
C0F 160 200 300 00 500
time [minj
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Day 3 (morning): Active Thermal Control

Recap, 1DOF \What s maximum achievable 3D thermo-mechanical numerical example
BW, can this plant become b controller Why frequency thinking aid design thermal systems _
76) L unstable, with a p-controller? Cold disturbance
H(s)= 06 Th Heaterlcaoler sensor Mov%ensor I
_performance improved MM R T s
While sleady state deformatio S heREr
increased
it g ot Disgam
== @)
g @ 25 .
< i mode 2tau=128 sec H 4 original-design
: = mode 20pt. tau=128 sec _ 2 A *  optimized-design
E / mode 1tau 90 sec g .
o mi | towheqen s o |3 i
5 o N Formeancy adeg 043 Froquency {ads) 000812 | all real 2 E T Feeseee] 3 * g
£l - " - N g g1
[ O /| = N ] N i 3
: \ s, H AN T
! . H = ERD 3
Increasing N M 3 » g 0
frequency . 0 B 4 E 4 original-design °
. A p 7 +  optimized-design 0s '
Frequency (mdis} ! envelope filter of callibrating 18 sec
0 50 100 150 200 250 300 i w 10° ' o n* ‘U 1 2z 3 4 5
| | Whatis important for robustness? Simple Feedback control design (IMC)
oL
o Typical for ‘mode 2'+'dealy 7. +#&
N aluminum bar square 5 mm sensors °
g Kl
H g0
] 3 ¢
2 g I
10 sensor 1 é
sensor2 B =
) faith heater length 10 cm o L sensor 3 [+ o - ‘t.,
[ PM ] 10 10" 10 10
e s NTC Semiconductor sensing | (forced) convection air, 20 [W/m2K] ‘ frea [rads]
S in glass encapsulation
: Glass has limited conduction 0 '-'==-._~=_\__
Whenwill CL(s)— = 50 s oy
P
werey (fas) 7 10 "l
Fre m%) OL(.S)*)*I E \\\ \
@ -150 N
L 2 D N
The ‘details’ of sensorand heater, and So Whatis the max achievable BW | 2% K
internal conduction i.e. sensor heater distance with a p - controller? =0
* Does effect robustness stability margins Sensor 1 300 =3 5 B
» And does effect performance Sensor 2 § " reeres *
Mass of heater on glue Sensor 3 %
mechatronics .
academ socam
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Day 3 (afternoon): Advanced Topics

Thermal —elastic compensation models General: thermal mode shapes

Issuesw.rt. compensation model:

« Deformations dependson all temperatures, not only on measured positions

« Can we reduce measurement points by “smart” assumptions about temperature
distribution

« From use-case: what distributions or temperature fields are relevant or most likely

In general: Actual temperature field can be describedas linear combination of
individual (in depended)temperature fields (so-called mode shapes)

- Tzy(t) + *zot) + . +

Sub-Competences
Design Principles —~ ~
=4 r) + , " Z, )+ o+ L4 4
¥ Modeling Techniques z, (1) $o-2,(1) ¢, z, ()
Thermal/Thermal-elastic

Experimental skils/tools
T Sensors, Calibration techniques

()

Fundamental design/optimisation questions:
+ What are the optimal positions and amount of temperature
* How to find the optimal sensitivity matrix 5?7

Tmrl (I) = (Dmrmzmrl (I)

Thermal States

‘Thermal Mode shapes ‘

Several approaches: “nodal modes”/ “eigen medes "/ "POD

Frequency domain analysis 2duce) data by means of POD

Frequency domain analysis common in structural dyng

Compgnsation Ecomposition (POD) or Singular Value Decomposition
Techniques
Thermal-elastic

Thermal Control
Problems during development of EUV a-tool metrologie fram Temperature/heat

Metro. framg

et of temperature fields 71 describingthe complete set of data

= sured T-field at t=t;
-, I
T=| ! | (k<m) = T=TZV
Tkﬁx, T;{'.FI..
[ e
FEN-Software package Watlab T-Tev=[f & - T @ R
‘ Heat inputs H»Temperatures H»Deformations |--I-| Metro-model M System performance : =

Solution, like commonin structural dynamics: don't solve transient behavior in FEM on all
nodes, but only subtract dynamic model properties from FEM of relevant nodes
= {eigen-vectors (=mode shapes), eigen-values (=time constants)}

T*: POD shapes (temperature fields/distributions)
Z: Singular values (importance of shape)
V: Linear combination of shapes over time (transient behaviour)
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Sign-up for this training

Via the website of our partner
High Tech Institute
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