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Motivation

* With increasing capabilities of design tools (e.g. SyMSpace ;-) ),
highly optimized systems can be achieved A

* Unfortunately, highly optimized systems are prone to be highly
sensitive

* “Reality is seldom ideal”
* Effects like

* Material uncertainties

* Part- and assembly tolerances design parameter p
* Variations of external influences

objective f_,

Y

can make a (nominally) optimal system behave bad!

Low sensitivity against uncertainties

is crucial for a robust design!
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Motivation
10-fold higher cogging torque measured than simulated!

* VVernier machine

* Estimated cogging torque with SyMSpace standard motor project

* Measured cogging torque

Torque in Nm

* Tn=2Nm

* Tr,cogg,pp ~ 0.03 Nm

* Tr,cogg,pp ~ 0.28 Nm

angle resolution: 0.167deg

steps: 719, phi_mech: 359.0deg

first harmonic order to
1051 be expected from

£ ; / theory!
gnm- /@\
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Motivation

Where do the lower harmonics come from ?

* Testing ...
* various mesh settings

* different calculation methods (e.g. sliding
band boundary in the airgap)

* eccentricity of rotor/stator
* full/sector mode
* material degradation

* ... showed minor (negligible) influence on
cogging torque

* Displacing magnets showed significant
influence!

Starting Point of SyMSpace Tolerance
Framework

cogging torque in Nm

two moved magnets

71— 0.109mm |
4 — 0.055mm__ |
T __ 0.027mm
0104 — 0.01Tmm___
— 0.005mm

2 4 5 8 10 12
phi mech. in deg
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Agenda

* SyMSpace Framework for Tolerance Analysis
* Tolerable Geometry Models
* Sensitivity Analysis using Cumulative-Distribution-Functions (CDFs)

* Examples
* Impacts of an asymmetric slot on the cogging torque of a PMSM
* Driving range sensitivity analysis of a BEV

* Tolerances and Optimization (Outlook)
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SyMSpace Tolerance Framework
Tolerance Analysis in SyMSpace

Implementation, Setup, How-To
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Tolerance analysis in SyMSpace
... under construction ...

* Framework for tolerance analysis is still in Tolerance
beta phase Framework

* Controlled via command line over
SyMSpace Python Console

* No automated post-processing workflow yet
(as, e.g., for standard motor projects)
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Tolerance analysis in SyMSpace
Defining tolerance affected variables and results

& SyMSpace Center - Vernier_Template_full.mop (C:\Users\A&K112122\MyDocuments\10_Projekte\Toleranzanalyse\... —

File Edit Update Simulation Settings Documentation Extras Window Debug Help

@Tolerance{"var":{"uniform":{"lower_tol":1,"upper_tol":1}}}

—> define nominal value (tolerance is added)

Structure Detsils  Hags Report Summary Component Import/Export DocFles  Preview
ble index vi selected ind
H == =1 = = I_H = Name: | bm_shift_rel
D x_hm 0.7 ~
3 ®hm 217 Deescription: |armyd'c'|rl:u mferential shift values of 2ach magnst
% %:m_gap ::7 ‘Comment: I@Tolemnoe{'uar':{'un'lfu'm':{'lw\er_inl':L'upper_tcl':l}}} V
™ :
- [xbm 0.3 Formula: lﬁ Java (_) Matizb
- [ @b 2,05815 Expression: || zercs(1,2%pz) —
] ©bm_gap 0.4
3 ®brm 415815 Diata: [real 1340 row vector]
et 04 <how
o [ @ hm_offset 0.01
j ©hm_tn| o1 Unit: |
- ) @bm_tal 01 -
e [real 1340 rove Tex String: |
3 ®bm_h::|_re| [real 1240 row vector Type: |
- [) B hm_ckfset_rel [real 1340 row vectar 7
mports
- [B) @h_tel_rel [real 1340 row vecter Varizble Parameter
® bm_minus_hm 1.88819 oz loz
ME=AIE]) /Y ProjectName
- M B jus
"DOSpeciﬁGtion ame | raue_pe
" FA imaterial_Library Description: | peak-peak torque
[ Geometry
é"ggOPMSM Comment: f @Tolerance{"res":{}}
- COsimulation_Setup Data: |[Uncertin] |
-2 Boundary
i L0 Ferm_simuate
=-E] 2 A noLoad_postrocessic T |Nm ‘
Rz 0.0785037
- # fu_thd 76.5147 Tex String: | ‘
@ 2 Aux_pp 0.023789

Tomas | I

@Tolerance{“res":{}}

« define tolerance affected parameters using
@Tolerance{} keyword in comments field

« @Tolerance{} information provided in json format
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Tolerance analysis in SyMSpace
Workflow/ Analysis

* Prototype implementation: SymTolInterface python class
* Sphinx documentation available, describing basic workflow step by step

» Create instance assigning SyMSpace project handle within SyMPython Console
sti = SymTolInterface (CurProject)

» Configure simulation settings
+ Start tolerance analysis with sti.start()

* project tree is analyzed for @ Tolerance keywords
 original SyMSpace project is cloned
* indices are processed similar to Optimizer

» folder <SymProject>.tol.files (similar to < SymProject >.mop.files) is created to store full
index data if desired

» variables and results of analysis are pickled

 For postprocessing of scalar results: (e.g., Tcogg,pp)

+ functions to evaluate CDF and related confidence parameters and visualization functions
are available

JU

initialize
SymTollnterface
object

configure

simulation settings

start analysis

post-processing

]

create temporary
SyMSpace project MG

assign tolerance ¢
affected values

regenerate index

index ok? 19

collect variables
and results

evaluations no
reached 7

clean-up
temporary project

Institute for
Electrical Drives and
Power Electronics

: LINZ
CENTER OF 10
MECHATRONICS



Tolerable Geometry Models

Classes, Implementations,
Restrictions
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Tolerable Geometry Models
Implementation (alpha status)

* Functionality is added to the segment geometries
(python script based)

* Functions implemented in a separate development
branch of SyMSpace

* as it is alpha status - need for verification and use cases
* separate installer can be provided

* All script based stator and rotor topologies are capable
to apply tolerances (CAD models don’t work)

* few adaptations necessary to the geometry definition
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Tolerable Geometry Models
Standard Segment-Geometry Modeling

! 1. defining one half of the slot/pole
2. mirroring of the half to obtain one complete
slot/pole configuration
3. Segment of the slot/pole is duplicated Ns
resp. 2*pz times and transformed to obtain
the entire cross-section

fully symmetrical

Y
-'fl
.
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Tolerable Geometry Models
Segment-related Tolerance Classes

3 different tolerance classes are implemented

Asymmetrical
tolerance
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Tolerable Geometry Models
Symmetrical Tolerance

line of symmetry

line of symmetry
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Tolerable Geometry Models
Asymmetrical Tolerance

no ,line of symmetry“ no ,line of symmetry“

bm, left r/__‘ﬁ bm, right

= =

I's3,left I rsS,right

asymmetrical tolerances are provided by a [2 x Ns] resp. [2 x 2*pz] vector. e.g. Ns = 12;
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Tolerable Geometry Models
Interface Tolerance

,Interface line of symmetry*
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Tolerable Geometry Models
Definition of a Tolerance Class for a Parameter

* Appending tolerance class e BRI
information to the variable S
definition (

* The tolerance field for the
related parameter is added
automatically as import
variable of the geometry

]

return geovar
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Tolerable Geometry Models
Splitting the Geometry to Half Segments

* each half segment is parametrized differently in
general because of asymmetrical or interface
tolerances

* necessary to split up geometry script

* add code which handles left and right half
creation to main geometry definition

This part is intended to be redesigned for
easier use in future!

JXU

etryVarToleranceClass(
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Tolerable Geometry Models
Import fields for tolerance parameters

* tolerance fields are always optional
* not all have to be assigned
* can be left empty

* proper dimension is checked and error
displayed if violated

* dimension requirement is also shown at
mouse-over on import variable

* tolerance value is added to nominal value
with sign

#* SyMSpace Center - TOL_StatorC5020.mop (D:\# 003 P R O J EK T E\# 003_TOLeranceScriptGeometries)

File Edit Update Sirulation Settings Documentation  Extras Window Debug Help

CE|fBR 4 =B0E|E

B®

Structure

] enableindexview

| selected index: 2

= B (Geometry

-[ife

- D ®GeoDaB

- E]Materialcost

= B @ stator

- [ Transformation
D ®Measuremems
[ -EDSetﬁngs

- [ (@GecData

- B (cail
- B (DstatorCore
- B ) winding
- [ne

- Ddso

-~ Ddsi

- [@ @isfe
- [Dbst

- Dbsy

- [Dhss

] bss

- Drst

- D2
Ors3
[bsc
Dphist

- [est

- Dre
D

- Ditsice

~ Dbst__tal
~ Dhss_tol
~ [bss_tol
- [Yrs3_tol
-~ [Nest__tol

- @ ORomr

40.0
[struct with 8 fields]

[0.0;0.0;0.0;0.0;0.0;0.0]
[struct with & fields]

[struct with 7 fields]

[0.115-0.80.20005-0.50...
[0.10.1-0.30.20005-0.50...
[0.115-0.80.20005-0.50...
[real 2x12 matrix]

[0.0 500,000 -500.00.0 0.

A

w

Detasils Flags Report Summary Component Import/Export DocFiles Preview

IMPORTS

Variable Parameter OK
Ns Mg [
dso dso [
dsi dsi [
bst bst [
bsy bsy [
hss hss [v1]
bss bss [v1]
rs1 rs1 [
phis1 phisl [v]
i i =
bsc bsc []
Singlelayer Winding.SingleLayer [
rs2 rs2 [
rs3 rs3 [
est est [
bst__tol bst__tol [
hss__tol hss__tol [
bss__tol bss__tol [
rs3__tol rs3__tol [v1]
phis1_tal O
est_ tol est_ tol [v]
[Transformation [Transformation [v]
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Tolerable Geometry Models
Preview of a Geometry with Tolerances

THERM2D preview of an interior PMSM
without tolerances
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Tolerable Geometry Models
Preview of a Geometry with Tolerances

THERM2D preview of an interior PMSM
including tolerances

terface

asym metr|c symmetrlc '
l symmettic N
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Tolerable Geometry Models
General Information

* Winding/Wire is placed within the nominal slot

* as tolerances are small in general there should be no change to be expected for the coil layout
* Simulation settings need to be adapted

* evaluation of the entire cross-section — no usage of symmetries possible

* simulation time will be increased

* Intended to work seamlessly with the tolerance analysis python module — SymTollnterface
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Evaluation of a Tolerance Analysis



Evaluation of a Tolerance Analysis
The Problem ...

Example: Vernier motor

- 4 tolerance-affected parameters per magnet
+ width
* height
 circumferential position
+ radial position

* 48 magnets

« assume 3 discretization steps per tolerance-affected parameter
« (3%)*8 =3192 > 4. 10! possible variations

» assume 1lus to calculate one variation
| | @ » time to calculate all variations > 1078 years
— e « symmetry conditions not taken into account ;-)

taken from [1]

SyM [1] Marth, E.; Bramerdorfer, G. On the Use of the Cumulative Distribution Function for Large-Scale Tolerance Analyses Institute for : LINZ
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Evaluation of a Tolerance Analysis
Approach using CDF (Cumulative Distribution Function)

[ — Ja(2) e i 1.0
020 === ﬁz(ﬁf) / ; ‘I;f? ................... p= 0.9
" ——— F,(7) -
E\ Ul(x) l
<2 0.15 - % IJ
| o
=T |
0.10 o : @/’
n samples |/ = ,’ adr
/ RA II
0.05 '_/Q r,"—' =
1
0.00 - ——"IL I

taken from [1]

2

parameter =

1
2 q77=273 4

[1] Marth, E.; Bramerdorfer, G. On the Use of the Cumulative Distribution Function for Large-Scale Tolerance Analyses
Applied to Electric Machine Design. Stats 2020, 3, 412-426. https://doi.org/10.3390/stats3030026

E, cumulative distribution function

fr  probability density function

q,P p-quantile value

p  probability

L, U lower and upper confidence band
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Evaluation of a Tolerance Analysis
Approach using CDF (Cumulative Distribution Function)

101 Frn ST 0 Example: Vernier motor

081 +0.8
~0edl— » + Convergence after 1000 samples!
S 1 — Worst Case most likely not covered
S04t 0.4

0.2 - 0.2

0.0 —‘ -+ 0.0

0.1 S n

£ ™o ™
0.0 g| g g

0.5 0.6 0.7 0.8

taken from [1] Tepp in Nm

8yM [1] Marth, E.; Bramerdorfer, G. On the Use of the Cumulative Distribution Function for Large-Scale Tolerance Analyses Institute for : LINZ
Applied to Electric Machine Design. Stats 2020, 3, 412-426. https://doi.org/10.3390/stats3030026 Electrical Drives and CENTER OF
Power Electronics MECHATRONICS




Example

JXU

Institute for
Electrical Drives and
Power Electronics

=M

LINZ
CENTER OF
MECHATRONICS

28



Asymmetrical Stator Slot
symmetric vs. asymmetric slot tolerances

Varying Parameters Cumulative Distribution Function(s)

1

Trcog_pp (afat)

0.8 —— Trcog_pp (afat_asym_slot)
a 0.6 N bss, rs3
O 04
0.2
D,.#;

0.0005 0.001 0.0015 0.002 0.0025
Trcog_pp in Nm
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Driving Range Sensitivity Analysis of a BEV

Based on Car and Motor Model of Tesla3

Question Modeling in SyMSpace

What's the influence of various
system parameters on the [
driving range of a BEV? FE -Grid calculations
g rang [ 3

-
=
V=

. Surrogate Motor Modelbf Sce na ri 0
Varying Parameters : .
5 ———— \ AFAT  all factors at a time
[[%t] pﬁjcliﬁf.; . =T 2] G-| technical parameters

al environmental parameters

[mm]  width of impacted zone

regarding the material degrad.

[°C]  permanent magnets
temperature

Sensitivity

Driving Cycle T .
Analysis
Statistic Model evaluatign | "

Secondary Params Motor Parameter

_/

taken from [2]

SyM ) . ) ) : Institute for LINZ
[2] Bramerdorfer, G, Marth, E.; Computationally Efficient System-Level Evaluation of Battery Electric Vehicles. Electrical Drives and CENTER OF 30
IEEE Workshop on Electrical Machines Design, Control and Diagnosis - WEMDCD 2021 Power Electronics MECHATRONICS



Driving Range Sensitivity Analysis of a BEV

Based on Car and Motor Model of Tesla3

Results

G-1
1 ' Scenario
1 P 1 AFAT  all factors at a time
1 ..+ O 1 G-| technical parameters
L | G-Il environmental parameters
N R
o ]
i ;
1 J i / .
4{I]O 6[I)0 860 4(I]0 6[I)0 860 4[I)0 660 S(I]O
driving range D, in km driving range D, in km driving range D, in km

Artemis Motorway Artemis Urban ——- WLTP
Artemis Urban with rec. === WLTP with rec.

= Artemis Motorway with rec.

taken from [2]
SyM . . . . . Institute for : LINZ
[2] Bramerdorfer, G, Marth, E.; Computationally Efficient System-Level Evaluation of Battery Electric Vehicles. Electrical Drives and CENTER OF 31
Power Electronics MECHATRONICS
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Robust optimization
Outlook
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Robust Optimization
... Incorporate sensitivity-objective in optimization

Even when using fast converging CDF evaluation,
performing sensitivity analysis during e.g. genetic
optimization (1000 additional samples per individual)
takes too much time

Alternative methods, mainly using additional surrogate
models, are under development

... meanwnhile ...
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Robust Optimization
Simple Approach (Example: Magnetic Gear Optimization)

Evaluation of a set of tolerance-affected samples
(set A) with randomly assigned tolerance values

Choose one of the bad samples and use this
tolerance configuration for an optimization

Select Pareto optimal sample from optimization with
“fixed” tolerance settings

Recalculate all sets from step 1. with selection of
step 3. (set B)

compare CDFs

Approach might be used to at least take tolerance
effects into account,

Of course, with this approach it is unlikely to find the

most robust design!

0.25

gg_ppin Nm

0.05

Tc co

0.00

ECDF

0.00 1
0.00 005 010

JXU

0.20

0.156

0.10

<
=
S

o
=
i)

©
=
RS

variation index

set A
set B

idx 9
idx 10

0.15 0.20

Tc_cogg_pp in Nm

Institute for
Electrical Drives and
Power Electronics

=M

0.25

LINZ
CENTER OF
MECHATRONICS



Closing the presentation



Final summary

* Beta Version of Tolerance-Analysis-Workflow for SyMSpace available
* All segment geometries capable of tolerance analysis (with small changes to definition)

* Extensive documentation included for SymTollnterface python package
* Ready to use within SyMSpace application (so far not working from WEB GUI)
* Caution: proper evaluation of subharmonic signal content has to be checked!

* Projects welcome for further development and refinement of existing workflow

Thank you for your

attention!
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Science becomes

reality
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