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Presentation scope

modelling methods
* Most error sources

Work on customers sites

« Significant residual errors

Find easy/retrofit solution

* With thermal compensation

Work done on thermal error modelling
* Very capable thermal compensation using a variety of
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* Thermal analysis on new machines at customers sites

Example current work - Grey
box models

Can be trained using relatively sparse data
Typically good results

Hybrid temperature and strain

temperature
Good results
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Real-time compensation using FBG strain and

* Internally generated (combined C & Z axes) ; .
* Environmental (FBG contamination?)
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Thermal error assessment

Thermal analysis on machines at customers
sites.
In this short presentation

* New(ish) machine installations (> 2010)

* With thermal compensation

« Different configurations/sizes

« Different control

* Some tests to 1ISO230-3, some customer specific

Analysis example 1

Machine: Large 5-axis
horizontal millturn

Thermal compensation on
milling spindle. Residual
<25um

Not on main spindle. Error
>150um

No compensation on the
axes
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Analysis example 2

Analysis example 3

Machine: New small VMC (C-frame) m-;;
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Analysis example 4

Review summary

Machine: New large VTL.

eV ) Examples provided are typical of machines
Stable conditions may never be reached with long thermal

time constants measured
50% reduction with compensation, local sensor loses track for
Ionger maChmmg processes Machine |Approx. Size and type Com) o com)
1 Large 5ax horizontal mill-turn Sm Sc, AX, AY, AZ, E

ZMeasured

2 Comp value

2 Medium 5axis vertical mill-turn Sm, Sc_|AX, AY, AZ, E
3 iSmall C-Frame 3axis milling m IAX, AY, AZ, E
4 Large vertical lathe C IAX, AY, AZ, E

S - Spindle heating result, subscripts
* m - milling spindle
* c- Caxis (main) spindle
A - axis position dependent or independent

o 50 100 150 200 250 300 350 E - environmental
Time (mins)

Calculated total

Eror (um)
4
/

Spindle stopped

Linear model optimisation Good position search

Required for simple updates and retrofits on existing Look for maximum slope

controllers e L .
. L . (sensitivity), minimum hysteresis
Only available opportunity is alteration of temperature A
sensing location (or adding locations for new models) For every pixel/node calculate slope,
Proposed method uses correlation searches on spatially rich remove and calculate range
data: - . . .
* Thermal images (e.g. 300000pixels) Limits and welghtlng can be applled
* FEA data (e.g. 20000nodes) ™
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Thermal imaging search @;’7
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Machine: 5axis horizontal millturn (1)
Sensor placed on spindle housing structure
Z residual reduced from 150um to 20pum

Main spindle thermal image

Error (um)

Time (hours)

Reader head
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Small VMC (2)
X axis example (linear scale feedback)
Mainly position dependent thermal error
Error reduced from 40um to 12pum
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Thermal imaging search ST i

Machine: 5axis vertical mill-turn(3)
Z residual reduced from 60um to 20um

Main spindle thermal image
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FEA node search - -«. SR o
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Cannot always see the structure of interest.
Can use FEA if sufficiently accurate. Typically between 60% and 80%
correlations for internal and environmental effects respectively

Environmental temperature variation

Main spindle heat source (8000rpm) (3 days)

FEA node search
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Machine: Small VMC R —— X

: : o Nodes T Z
Spindle error reduction e S
* Application of sensor ‘close’ to £l / \

best node t= [ Omherbnods

) # Hysteresis

* Measured error of 70 um N —iege I

* Model residual of 10 pm I i e
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FEA node search

Environmental error =
reduction ¢
* Sensor placed on rear of E,:
column =

* 50% reduction 7
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Machine: Small VMC *
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Conclusions

Machines tested had residual and uncompensated
thermal errors.

Linear parameters from correlation searches using
spatially rich data from Thermal images or FEA results

A combination of sensor readings to catch different time
constants may improve simple model

However, even the best may not be suitable:
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