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Outline PTB

I.  Metrological challenges and PTB’s work

Il.  Traceability using Multilateration
Ill. Use of Digital-Metrological Twins
V. Geometry error mapping

V. Process digitalization using DCCs
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l. Large workpieces EEPIB

Energy
transformation

= \Wind turbines
= Gas turbines

Credit: BWE

Telescope parts

Ship building

Credit: Siemens g
Credit: Flender
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PTB’s focus on wind energy systems
Drivetrain components

Physikalisch-Technische Bundesanstalt ® Braunschweig and Berlin National Metrology Institute
3DMC | Bilbao | September 27th, 2023 4 Daniel Heiflelmann | daniel.heisselmann@ptb.de



CMM in Competence Center Wind EEPIB

Leitz PMM-G 50.40.20
= Eompe = 3.3 um + 2.5 um/m

= Probe exchange system

= Tactile and different optical
Sensors

= Rotary table (D = 1 m)

=T = 20.0°C + 0.1K 2

= Separated pre-climatization
room
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Metrological challenges

PIB

= Tolerances for large
workpieces often similar to
small parts

= Higher uncertainty of LVM
iInstruments:

= Thermal stability

= (Geometry errors
(Guideway)

= Workpiece size and mass

Our goals:

" Reduction of
measurement/calibration
uncertainty

| Traceability for large
spectrum of measurement
tasks
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Il. M3D3 Calibration Strateqgy
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M3D3 Calibration Strategy

[——

e ® LT Positions
T ® Meas. Points
—0 . Stabil. Points

Zzinmm
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M3D3 Calibration Strategy EEP1B

= Measurement of workpiece
Y Y = Repetition using interferometric

A N multilateration
: /2 = Traceability by

= frequency calibration

"1:8, g = calibrated environmental
' Sensors
o® - = Reduction of measurement
e Measuring points uncerta|nty

m Probe position during LT measurement
o LT measuring point
o Corrected measuring point
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M3D3 Calibration Strategy

= Validated against calibrated hole
plate
= Critical parameters

= Number and positioning of
stabilisation points

= Viewing conditions and positioning e ==
of the LaserTracers E
= Bonus: Number of LaserTracers | X
(€€€) :
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lll. The Digital-Metrological Twin EEPIB

A digital metrological twin (D-MT) is a numerical
model that depicts a specific measurement
| process and indicates an associated
l measurement uncertainty for a specific measured
| value, which is traceable to the units of the
|

international system of units. Moreover, it

complies with the requirements that

= the measurement uncertainty is calculated
according to recognized standards and
guidelines,

= all input parameters are traceably determined
and are stated with the corresponding
measurement uncertainty and

= the calculated measurement uncertainty is
validated by traceable measurements.

Hartig et al. (2023) https://doi.org/10.1515/teme-2023-0066
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Virtual Coordinate Measuring Machine VCMM PTB

= Goal: Determination of measurement uncertainty for

complex tasks
= Path: Monte Carlo Simulations (MC)

i. Precise characterization of CMM and
measurement task

ii. Determination of influences on MU
ii. Performance of a measurement
iv. Simulation of many similar measurements

v. Statistical analysis

Virtual driver VCMM

Y=y-+U

Statistical evaluation
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. Ideal CMM
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Which contributions are considered? PTB
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Parametrization and Traceability EEPIB

Parameters from: Traceability by:
= Long-term observations (e. g. T, p, = Calibrated sensors
relH, ...)

= Use of calibrated measurement

. .
Test / comparison measurements standards

= Expert knowledge (e. g. production
process, manufacturer's
information, ...) ,

= Certified analysis algorithms

Physikalisch-Technische Bundesanstalt ® Braunschweig and Berlin National Metrology Institute
3DMC | Bilbao | September 27th, 2023 15 Daniel HeiBelmann | daniel.heisselmann@ptb.de



1Tm3 040 md

= Availability of material standards

= Cost of material standards
= Handling of material standards

Achievable uncertainty

STA?OTIII'I_J_AI
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IV. Error Mapping of Iarge volume CMM

PTB
IT center

CETEER N CETRD
RN CEER
. . Optical ﬁber
Centra| distribution
nterferameter 50 m comparator |
unit |
Physikalisch-Technische Bundesanstalt B Braunschweig and Berlin National Metrology Institute

3DMC | Bilbao | September 27th, 2023 17 Daniel HeiRelmann | daniel.heisselmann@ptb.de



Error Mapping of CMM

LEITZ PMM-G
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Error Mapping of CMM — Axes

m—
e -
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Error Mapping of CMM —
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Error Mapping of CMM — Spatial Diagonals

LEITZ PMM-G
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Error Mapping of CMM — Partial Diagonals

LEITZ PMM-G |
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Error Mapping of CMM — Summary

Custom-made L-shaped reflector
24 fixed corner cubes (3 on each
boom)

Automatic reflector pick-up by CMM
from storage position

Duration: 212 minutes

- Overnight runs before measurements
- Traceable input parameters to
VCMM
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PIB

V. Process digitalization using DCCs

1.: Administrative Data
¢ regulated

VIM
GUM

Hierar-
ical

2.: Results of the

Calibration

¢ regulated:
>»Y=y+U(k)I[SI]

* not regulated:
» individual data
> ..
* international
3.: Comments ted
¢ not regulated accepte
* approved
4.: Document * cryptographically
e human readable signable
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Brief introduction to XML PTB

DCC uses eXtensible Some XML Basics:
Markup Language = Elements
= Schema can be tested <elementname></elementname>
= Established and rarely " Tags
dified <elemer.1tname>content</e1ementname>
mo _ = Attributes
= Can be S'gned: attributname="attribute value"
. attributname="attribute value’
XAdES [ Qualified « Qualified Names
Slgnature [prefix:]local part
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DCCs for material standards

Physiallsch Tochnische Bundesanstat
Braunschwelg und Berin
Nanonais Metticgionsinut

St 2 2um Kalibersehsin vom 2016-02-18, Kslbriszsicnan: 0608 £T5 16
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Kalibriergegenstand

Der Kalibriergegensiand et eine Kugel aus Keramik mit einem Nominaldurchmesses von 30 mm auf
einem Schaft
Messgroen

Der Durchmesaer des Kalirergegenstandes in der Richtung S0° - 270" senkrecht 2
Sehafachse.

Umgebungsbedingungen
Die mittere Temperatur des Kaibriergegenstands betrug 19,97 °C (Unsicherhet der Temperaturmes-
sung: 0,03 K). Zur Komektur der Messwert auf 20 °C wurde der themnische Langenausdennungsko-
efizent, = 5,1 10% K" verwendet

Kallbrierverfahren

o mit
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10mN
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Die Formmesspeofie wurce

ing ring

Die Werie zu 2 eninehmen Sie tite de folgenden Sete.

Die Messunsichernet der Fornabweichungen betragt U = 01 ym.

Gauge blocks
Calibration sphere

Bear
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VCMM geometry error parameters DCC

[

A7 <dccimeasurementResults>

<dcc:name>
<dcc:content>VEMM parameter set</dcc:content>

<dcc:measurementResult>
:) )
zZrz ) vtz </dcciname>
_ .

<dcciresults>
vty <dcciresult refType="VCMM mac">
<dcc:name>
<dcc:content>Geometry errors</dcc:content>
</dcc:iname>
adala
<dcc:1ist refType="VCMM x">
<dcc:list refType="VCMM xTranslation">
<dcc:list refTyp
<dcc:list refTy
[ R ST A 4]
</dcc:list>
<dcc:list refTyp:

"VeMM_xRotation'>

<dcc:list refType="VCMM xrx">
<dcc:list refType="VCMM xry">
<dcc:list refType="VCMM xrz'>
</dcc:list>
</dcc:list>
<dcc:list refType="VeMM y">

<dcc:list refType="VCMM yTranslation">
<dcc:list refType="VCMM ytx">
<dcc:list refType="VCMM yty">
<dcc:list refType="VCMM ytz">
</dcc:list>
<dcc:list refTyp
<dcc:list
<dcc:list
<dcc:list
</dcc:list>
</dcc:list>
<dcc:list refType="VCMM z">
<dcc:list refType="VCMM zTranslation">
<dcc:list refType="VCMM ztx">
<dcc:list refType="VCMM zty">
<dcc:list refType="VCMM ztz">
</dcc:list>
<dcc:list refType="VCMM zRotation">
<dcc:list refType="VCMM zrx">
<dcc:list refType="VCMM zry">
<dcc:list refType="VCMM zrz'>
</dcc:list>
</dcc:list>
<dcc:list refType="VEMM w">
<dcc:quantity refType="VCMM xwy">
<dcc:quantity refType="VCMM xwz'>

"VCMM_yRotation'>

- . <dcc:quantity refTy,
3 ziz <dcc:description> ei:

PIB

"VCMM_LookUpFunction" refId="xtxgrid">

list>
<si:realList>
<si:listUnit>\milli\metre</si:1listUnit>
<si:real>
<si:value>-2.9712529402594895E-05</51 :value>
<si:expandedUnc>
<si:uncertainty>0.000109407498</si:uncertainty>
<si rageFactor>2</si: rageFactor>
<si:coverageProbability>0.95</si:coverageProbability>
<si:distribution>GAUSS</si:distribution>
</si:expandedUnc>
</si:real>
<si:real>
<si:value>-0.0019932838439445759</5
<si:expandedUnc>
<si:uncertainty>0.000437629990925154</5i uncertainty>
<si rageFactor>2</si: rageFactor>
<si:coverageProbability>0.95</si:coverageProbability>
<si:distribution>GAUSS</si:distribution>
xpandedUnc>

alue>

</si:
</si:real>
<siireal>
<si:value>-0.0020826679334143448< /51 value>
<si:expandedUnc>
<si:uncertainty>0.000443878604627696</51 uncertainty>
i rageFactor>2</si: or>

<si:distribution>GAUSS</si:distribution>
</si:expandedUnc>
</si:real>
<si:real>
<si:value>-0.0014782295240580033</51 :value>
<si:expandedUnc>
<si:uncertainty>0.000363821857104158</5i uncertainty>
i rageFactor>2</si:coverageFactor>
overageProbability>0.95</si:coverageProbability>
<si:distribution>GAUSS</si:distribution>
</si:expandedUnc>
</si:real>
<si:real>
<si:value>-0.00203480223720993</51 1 value>
<si:expandedUnc>
<si:uncertainty>0.000448281584274598</5i uncertainty>
<si:coverageFactor>2</si:coverageFactor>
<si:coverageProbability>0.95</si:coverageProbability>
<si:distribution>GAUSS</si:distribution>
</si:expandedUnc>
</si:real>
<si:real>
<si:value>-0.0030243457257102353</51 :value>
<si:expandedUnc>

<dcc:quantity refType="VcMM ywz"> : : .

=g Y telfVE LY <si:uncertainty>0.000574668796864398 </si:uncertainty>
</dcc:list> : s

! rageFactor>2</si:coverageFactor>
</dcc:data> overageProbability>0.95</si:coverageProbability>

</dcc:result> istribution>GAUSS</si:distribution>

</dcc:results> xpandedUnc>
</dcc:measurementResult> </si:real>
</dcc:measurementResults> </si:reallist>
</dcc:digitalCalibrationCertificate> </si:list>
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Summa PTB
ry

= Traceable calibration = Traceable process using
strategy using M3D3 D-MT and DCCs

B N

Commercial Virtual driver VCMM

.u,‘ 'q. measurement software - &
N =) geometr
; ) measui'emenl “ e probe .
. B measuremant points ; ¥ i \ | I
" R o N i _
i T ) ‘ '
u -2 e o inematic
eror model
workpiece
iy .Monte-Carlo-

&=
P . |

scannin

Statistical evaluation

Measurement values ¥
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Further reading EEPIB

Rafeld et al. 2022 (https://doi.org/10.1088/1361-6501/ac407c)
Wubbeler et al. 2022 (https://doi.org/10.3390/metrology2010008)

www.ptb.de/dcc:

Current DCC Schema (3.2)
GEMIMEG-II Tool

DCC Wiki with Good Practice Examples
refType Wording ,basic”

Video Tutorials Links / Downloads By e i e

Digital Calibration Certificate

Videos / Tutorial GEMIMEG-Tool News & Events
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