|
Optl y Multidisciplinary Analysis and Optimization

Six Sigma Design
of a
Solenoid Actuator

OptiY GmbH - Germany

Side www.optiy.eu
Slide 1/17



|
Optl y Multidisciplinary Analysis and Optimization

Solenoid Actuator

30,000 {rmrm)

Side www.optiy.eu
Slide 2/17



OptiY

Multidisciplinary Analysis and Optimization

Initial Nominal Parameters
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A B c D

1 D Parameter Name Value Unit
2 E  InputParameters
3 = Solencid Actuator (A1)
4 E"P P4 Back Iron Inner Radius 0,0075
5 b P2 Back Iron Thickness 0,005
=] E"p* P3 Fix Quter Radius 0,0275
7 b Ps Coil Thickness 0,01
8 b ps Coil Distance 0,0025
g b P12 Armature Thickness 0,0075
10 b ps Air Gap 0,0025
11 [ Ground Thickness 0,0075
12 b P10 Back Iron High 0,035
13 b P11 Coil High 0,02
14 b P17 Coil Current 1600 mA |
15 b P13 Coil Voltage 5000 my =
16 Eipr P19 Magnetic Flux Density Scale of Material 1
* E“P Mew input parameter Mew name Mew expression
18 E  Cutput Parameters
13 = Solenoid Actuator (A1)
| pd P15 Armature Force -8,1643 M
21 pd P20 Coil Flux Linkage 63,272 mWb
=3 ﬁ] Mew output parameter Mew expression

Charts

Variable Design Parameters:

* P4
 P2:
* P5:
* P6:
* P12:
* P8:
* PO:
* P11:

Back Iron Inner Radius
Back Iron Thickness

Coil Thickness

Coll Distance

Armature Thickness

Air Gap

Back Iron Ground Thickness
Coil High

Fix Process Parameters:

* P17:
- P18:
* P19:

Coil Current
Coil Voltage
Scale of B/H Curve
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Nominal Simulation in Ansys Workbench

NANSYS

130

Coil Flux Linkage:

63,272 mWb
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Design Specifications

Design Parameter Space: Fix Process Parameters:
« Back Iron Inner Radius =[5, 10] mm » Coil Current = 1.6 A (Source)
« Back Iron Thickness =[4,6] mm » Coil Voltage =5 mV  (Source)
« Coil Thickness =[5,15] mm « Scale for B/H-Curve = 1 (Material)
 Coil Distance =[1.5, 3,5] mm o
« Armature Thickness  =[5,10] mm Uncertainties = 5%
« Air Gap =[1.5, 3.5] mm with Normal Distribution
* Ground Thickness =[5,10] mm
 Coil High =[10, 30] mm

Functional Requirements:
Geometry Tolerances = 1 mm * Armature Force = [-15 -10] N
With Normal Distribution * Flux Linkage = minimal as possible
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Meta-Modeling in OptiY

F Armature Force
Back Iron Inner Radius

Back Iron Thickness * E(‘—?C' * %ﬁ
Coil Thickness
Coil Distance| Ansys Workbench Script  AnsysWE Result.txt
Armature Thickness ==

Air Gap sl » E "
Ground Thickness — Fhi Flux Linkage
Coil High
Coil Current » Di‘—?c' » @
Coil Voltage, S

B/H-Curve Scale

(R

|
i

u%'
:
i
i
| <ﬁ1

2z

HEEHEEEEEEE
x
b

E
(3
R

o

B ol ool o ol o1 ool |0 50

Pham www.optiy.eu
Slide 6/17



Opti

Multidisciplinary Analysis and Optimization

Design Space: 2D Section Diagrams

Back Iron Thickness
U005

Coil Distance
0.0025

Armature Thickness
QuD0TE
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Armature Force Flux Linkage
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Design Space: 3D Graphics
Armature Force Flux Linkage

Back Iron Thicknes

Back Iron Thi
Ground Thickness

Ground Thickness
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Global Sensitivity: Parameter Importance [%]

Armature Force
AirGap

Back Iron Inner Radius

Coil Distance

Armature Thickness

Coil Voltage

(Ground Thickness

Coil Thickness

Backlron Thickness

Flux Linkage
BacklronInner Radius 7711
El124
Airzap
Armature Thickness
Coil Distance

Coil Thickness

Coil High

Coil Voltage

Backlron Thickness

{Coil High Ground Thickness

Coil Current Coil Current

B/H-Curve Scale B/H-Curve Scale
Pham

Slide 9/17

www.optiy.eu



|
Optl Multidisciplinary Analysis and Optimization

Global Sensitivity: Parameter Interaction [%]

Armature Force Flux Linkage

Back Iron Inner Radius*Air Gap 3621 Back rom Ininer Radius*Coil Distance 4003
Coil Distance™Air Gap 2881 Back Irom Inner Radius®Alr Gap 3838
Armaturs Thicknesz*Alr Gap 2545 Back Irom Inner Radius*Coil Voltage 3562
Back fron Inner Radius*Coil Distance 2525 Backiron Inner Radius*Ground Thickness  3.466
Fir Gap*Coil Voltage 2516 BackIrom Inner Radius*Coil Thickness 3166
Air Gap*E/H-Curve Scale 27186 Back from Ininer Radius*Coil Current 313

Coil Thickness*Air Gap 218% Back fron Inner Radius*Backiron Thickness  3.083
Fir Gap*Ground Thickness 2156 Back Irom Inner Radius*Coil High 3028
Air Gap*Coil High 2115 Backlron Inner Radius*Armature Thickness 2855
BackIron Inner Radius*Coil Voltage 21043 Back Irom Inner Radius*B/H-Curve Scale 252

Back Iron Inner Radius*Coil Thickness 1321 Armature Thickness*Alr Gap 0571
Back fron Inner Radius*Armature Thickness 1504 Coil Thickness*Air Gap 0525
Backlron Inner Radius*Ground Thickness 1831 Armature Thickness*Ground Thickness 0866
BackIron Thicknesz*Alr Gap 1734 AirGap*Col Voltage 0837
Air Gap*Coil Current 1734 Air Gap*B/H-Curve Scale 0826
BackIron Inner Radius*Coil High 1722 ol Distance®Air Gap 07

BackIron Inner Radius*Backlron Thicknesz 1717 Air Gap*Coil High 0748
Back Iron Inner Radius*Coil Cumrent 1536 Air Gap*Ground Thickness 0rls
Back fron Inner Radius*B/H- Curve Scale 1366 Armature Thickness*Coil Current 0707
{Coil Distance™Ground Thickness 0522 Coil Current*B/H- Curve Scale 0653
Armature Thickness*Coil Current 0BTS Coil Distance*Ground Thickness 0675
BackIron Thickness*Coil Distance 0832 Armature Thicknesz*Coil Voltage 0615
Armnature Thicknesz*Ground Thickness 0EL6 BackIrom Thicknesz*Air Gap 0605
Coil Distance*Coil Voltage QELZ Coil Thickness*B/H-Curee Scale 0571
Coil Distance®Armature Thickness 0752 Coil Thicknesz*Coil Voltage 0.568
BackIron Thicknesz*Coil High 0705 Air Gap*Coil Current 0553
{Coil Thickness*B/H-Curve Scale Q616 Backliron Thickness*Armature Thickness  0.53%
BackIron Thickness*Coil Voltage 0603 Coil Thicknezs*Coil Distance 0.526
Coil Thicknesz*Coil High 0601 ‘Ground Thickness*Coil Current 0524
Coil Distance*Coil High 05595 Coil Thicknesz®Armature Thickness 0508
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Nominal Design Optimization

Armature Force Flux Linkage
-10011% 662613
Back Iron Thickness a2 6.5
pooss 56 657
-101 &5
o004 QuDO5 0uD06 Pileit) QUDD5 D06
Coil Thickness -5.04 78 \
00115 2ED g6l
-102 43
QUDD5 00l QU015 QD05 00l QU015
Coil Distance -8351 673
0.0026 acn e /
-102 5
QU015 00025 QL0035 QuDO15 QD025 0uDD35
Armature Thickness -8.36 671
0.00675 271 / - /
-105 \\ 637
QD5 0LD07E 001 QD05 QU7 Qi1
Air Gap 748 58 _\\
booz 334 651 \
112 622
QD015 00025 00035 0UDD15 QU025 0UDD35
Ground Thickness 251 871
0.008 953 655
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Optimization Goals:
e Constraint;: -15 N < Armature Force £-10 N

e Criterion:

Nominal Design:

* Armature Force

* Flux Linkage

Minimize Flux Linkage

=-10,01 N
66,26 mWb

-

E Design Parameters

Mame Mominal Tolerance Unit
Back Iron Inner Radius  |0.00775 0.0001 m
Back Iron Thickness 0.0052 0.0001 m
Coil Thickness 0.0115 0.0001 m
Coil Distance 0.0026 0.0001 m
Armature Thickness 0.00675 0.0001 m
Air Gap 0.0023 0.0001 m
Ground Thickness 0,008 0.0001 0y
Coil High 0.019 0.0001 m
Coil Current 1500 80 A
Coil Voltage 5000 250 mY
B/H-Curve Scale 1 0.05
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Nominal Design: Geometry Tolerances

Back Iron Inner Radius Back Iron Thickness Coil Thickness Cail Distance
2424004 . . 23Te=004 . j 2422004 . . 23622004 j
1824004 178004 1824004 1772004
12==004 11%=-004 12=-004 118=-004
6.01e=003 E53=-003 E52=-003 EEle-003
a 1} L] L]
QUOOT0U00TTL 000775 Q.DOTTEB2DET QU005 0000526 QD053  QUDD5S3336513 0011400115 00115 Q011515719 QUD02'0.00257 00026 DUDD2G46T466
Mean 0UD0T7S005 | Skewness | 0UDDS3321L Mean 000530002 | Skewness | (UDD4G5S05 Mean 00115001 | Skewness | -DUOD175674| | Mean 000260003 | Skewness | -DUD0S005EE
Sigma 1 56715&-00" Kurtosis 3101829 Sigma 1 567542-00" Kurtosis 257532 Sigma 1 564532-00" Kurtosis 258182 Sigma 1 6685e-005 | Kurbosis 301085
Wariance 277938e-0L Variance 2 7807e-010 Variznce 2 T7065e-0L Warisnce 2783%e-010

Armature Thickness Ground Thickness Coil High

243e:004

24e:004 237e:004 23Te:004

1 Be+DD4 178e:004 1 78e:004 182e:004

12e+004 118e+004 11%e:004 121es004

Be+ 003 5.52e:003 5.93e:003 607e:003

0 0 o o

O00EI000671 Q00675 O.O06TSE2385 QO0EO00226 00023 (0023336543 DOOTIO00TEE 0008 00080407481 O01EH0O0LE  001% 0012150759
Mesn 000674996 | Skewnesz | 000408635 | | Mesn 000230005 | Skewnesz | -0.00903917| |Mesn 00079399 | Skewness | -0.00092173] | Mean 00183959 | Skewnesz | -0.00451563
Sigma 1.66312=-00! Kurtosiz 299543 Sigma 1.66127=-00! Kurtosiz 238638 Sigma 1.66613=-00! Kurtosiz 301388 Sigma 1.6657=-005 | Kurtosis 25546
Watiznee | 2785%8=-01 Variznce | 275383=-01 Varisnce | 2776e-010 Varisnce | 2774552-01
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Nominal Design: Uncertainty Parameters
B/H-Curve for the Material
(1018 Steel 90.5 HRB)

Scale Factor =1  (Nominal)
Uncertainty = 0.05 (Range)

Magnetic Flux Density [T]

o 0.5 1 15
Magnetic Field Intensity (-10%) [Am™-1]

Coil Current Coil Voltage B/H-Curve Scale
QuDZes QuDDe64 478
ounzz4 QD723 359
QU015 QuD4E2 235
QUDDT4E QuDD241 12
1] 1] 1]
15441 572+003 1 62-003 163e+00336.02 48314522+003 5e-003 E0%e-00317432 0263530983 1 102 104195
Wesn 1600005 Skswness 00551569 Wean SOD0.DE ShEwness QUDDLOE4ET Wean 100004 ShEwness -00023414
Sigma 133448 Kurtosiz 300861 Sigma 41 6512 Kurtosis 25905585 Sigma 0U00B3161% | Kurtosis 300036
Wariznce 178083 Wariance 173482 Wariznce 6.9155%e-005
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Nominal Design: Reliability Analysis

-1I5N<F=<-10N
Failure Probability = 78,93%

0762

0571

0381

0.1%

Armature Force

0151

00757

0 L
-10.7825 -102 271 -318 -BS4254 637285 845 658 671 6B 3465
Wesn -5 GEET] SkEwness -0.21581 hezn Ll Skewness QUD4E5055
Sigma Q448845 Kurtosiz 211534 Sigma 105236 Kurtosiz 20632
Waranoe 0.201462 Failure Probabiity | 0.7E233/0.78533 Warsnoe 113326

Flux Linkage

Pham
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Robust Design Optimization

0.0025

Q0035

Armature Force Flux Linkage
-13471% T1EET2
Back Iron Thickness 571 s
QU516
-115 2]
-13% [i]
Quood QD5 QD06 ouon4 QuDD5 QU006
Coil Thickness -5.58 723
00111
-116 &52
-13% 662
QD05 LTk Q015 QD5 Qo1 0015
Coil Distance 511 T4
QD063
115 / 689
-13% 653
QUDDLE QD025 QUD035 QUDOL5 QU025 QUD035
Armature Thickness 532 B
000828
-114 &52
-136 656
QD05 QD075 001 QD05 QU075 001
Air Gap 768 7232 /-
0.00183
-106 681
-135 639

Q0025

Q0035

Optimization Goal for Armature Force:
Minimize Taguchi Quality Loss Function
L = Cost*(Variance + (Mean — Target)?)

e Cost=1 Unit

» Target =-12.5 N (Center of [-15, -10] N)

pr

Pham
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E Design Parareters

]
E
&

Mame Mominal Tolerance Unit
BackIron Inner Radius |0.00810815152 0.0001 m
BackIron Thickness 000516077547 0.0001 m
Coil Thickness 00110754615 0.0001 m
Coil Distance 000262703234 0.0001 m
Armature Thickness 000827946693 0.0001 m
Air Gap 000182891033 0.0001 m
Ground Thickness 000737462933 0.0001 m
Coil High 0.0200907957 0.0001 m
Coil Current 1600 a0 ma
Coil Voltage 5000 250 mY
B/H-Curve Scale 1 0.05
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ol : 15N <F <-10N
Robust Design: Reliability Analysis . Probability = 5,48 %

Armature Force

Flux Linkage

0255 0159

Q17 0106

0.0531

114 102

-B85671

B80T 669 6839 7049 J2EE14
-118452 =k 0330438 Wean €5.5557 . -0347807
Sigma 105786 Kurtosis 233717 Sigma 172673 Kurtosis 225621
Wariance 111207 Failure Probsbility [L05481/ 005481 Warance 258182
Pham
Slide 16/17

Www.optiy.eu



-
Opt’ y Multidisciplinary Analysis and Optimization

Conclusion

Nominal design using classical nominal simulation cannot warranty the
reliability and quality of the products, because the nominal parameters are
only one fix value.

Six sigma design is a power-full tool for design of reliable and quality
products in the early design stage without any cost. It considers the
uncertainty parameters as stochastic distributions.

In the case of the solenoid actuator, we can reduce the failure probability
from 78,93% to 5,48% at a manufacturing process.

OptiY® is the leading software platform for six sigma design of all
engineering fields using different commercial CAD/CAE-software or in-house
codes.
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