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ETO – Industrial Applications
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Parameter - Geometry

For Robustness Evaluation
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Parameter - Geometry

Constant Values for Optimization
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Parameter - Material

ETO-Material BH-Characteristic
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Parameter - Material

Problem: High Material Influence
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Motivation

2 Force-Stroke-Characteristics (FSC) @ 2 Actuation Currents

tolerance: ± 3,5 %

 problem of force-level 

and/or force-slope? 

 ambitious customer requirement 
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Goals

1. Increase robustness of Force-Stroke-Characteristics (FSC) on 2 ways:

a. Cone optimization

 Perfect straight-lined FSC

 Perfect tolerance-centered FSC

b.    Working area shift

 Material influence reduction

2. Quantify material influence

3. Get design ideas
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Workflow
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Sensitivity Analysis

CoP Matrix

 no significant influence 

of cone angle? 

 problem of force-level 

and/or force-slope? 
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Sensitivity Analysis

Residual Plot

Distribution = ± 8,5 %

>>

Required Tolerance: ± 3,5 %
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Optimization on the MOP

Convergency of EA

5.2
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Optimization on the MOP

Best Result
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Seems to be good…
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Optimization on the MOP

Best Result
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…but not good enough!

Tolerance: ± 3,5 %

 behavior is similar to

status quo

no significant change in 

cone design! 
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Optimization on the Model

Setup
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Optimization on the Model

Optimization Goals and Constraints

Goals

 force-level

Constraints 

 force-level

@ stroke = 1 mm
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Optimization on the Model

Convergency

1.8
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Optimization on the Model

Best Result

tolerance: ± 3,5 %

 behavior is nearly perfect

straight-lined & tolerance-centered

significant change in 

cone design! 
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1. Robustness Evaluation

Standard Deviation according to Quality Management
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1. Robustness Evaluation - Results

CoP Matrix for Forces & Force Slopes

really no influence of 

cone angle? 
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1. Robustness Evaluation - Results

CoP for 2 Forces at different Strokes @ i_nom and 0.55*i_nom

Stroke = 0,5 mm Stroke = 1,5 mm

 51…58 % 

material influence!

 17…32 % 

material influence!
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1. Robustness Evaluation - Results

Statistical Analysis @ 1 mm @ i_nom and 0.55*i_nom
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2. Robustness Evaluation

Standard Deviation according to Drawing
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2. Robustness Evaluation - Results

CoP Matrix for Forces & Force Slopes

 desired influence 

of cone design!
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2. Robustness Evaluation - Results

CoP for 2 Forces at different Strokes @ i_nom and 0.55*i_nom

Stroke = 0.5 mm Stroke = 1.5 mm

 20…41 % 

material influence!

 18…51 % 

material influence!
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2. Robustness Evaluation - Results

Statistical Analysis @ 1 mm @ i_nom and 0.55*i_nom
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Robustness Evaluations - Results

Comparison: CoP for Force @ 1mm @ i_nom and 0.55*i_nom

1. Robustness Evaluation 2. Robustness Evaluation

 28…41 % 

material influence!

 23…24 % 

material influence!
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Robustness Improvement

Problem: High Material Influence at the Working Points (WP)

WP Core @ 1mm @ 0.55*i_nom WP Core @ 1mm @ i_nom
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Robustness Improvement - Results

CoP for Force @ 1mm @ i_nom and 0.55*i_nom

Nom. windings Max. windings

 28…41 % 

material influence!

 43…48 % 

material influence!
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Conclusion & Outlook

Conclusion

• Robustness of FSC is increased

• Optimization on the MOP is not precise enough (@ ambitious requirements)

• Optimization on the model leads to very good results

 Nearly perfect straight-lined & tolerance-centered FSC

• Working area shift is ineffective (under given design space restrictions)

 No reduction of material influence (up to 58 %)

• Statistical values have to be reliable

• Best cone has an unusual design

Outlook

• Better dimensioning of cone length on the drawing

• Better material quality?

• Test series for evaluation of “real” standard deviation

• Real RDO?


