MTC — Private — Commercial in Confidence

MBD Driven Tolerance Analysis

Dr Toby Maw

Technology Manager
25/09/2024

© MTC 2024 | The data contained in this document contains
proprietary information. It may not be copied or communicated
to a third party, or used for any purpose other than that for
which it was supplied, without prior written consent from MTC.

"Tu. 1

where
progress

ppens



MTC: Who Are We?

- T AT N T T ST gt o

A S Y e - ) —

. R

T k‘w \\|_« == 3

: 0| W ——
AWy M .

{
: !l = i

| U P
- om

Hlw
3
ol
-

Opened in 2011
Independent RTO -
To bridge the “valley of death” — the gap between academia and industry B TRMIN BN ';

Prove innovative manufacturing ideas

i1 M Loughborough
7 University

Manufacturing system solutions
Training & Skills E
Part of the High Value Manufacturing Catapult

= -

The University of

Nottingham

.



MTC — Private — Commercial in Confidence

Introduction

What is Model Based Definition?

Model Based Definition (MBD) is the CAD model, with embedded product manufacturing information (PMI), that
defines how to make and inspect a part or assembly.

When an organisation creates a digital thread, enabling advanced software tools to re-use MBD throughout a
manufacturing process chain, they become a Model Based Enterprise (MBE).
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Technical Drawings and Data Model Based Enterprise

Pack

» Drawing centric; » Model centric; » Digital thread;
» Downstream consumption

» Digital authority;
of digital information;

» Physical authority;
» Semantically linked GD&T

» Paper-based / paper-on-glass;
and PMI;

» Through-life data
traceability

\_»Human & Machine-readable; ) - <

» Human-readable
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Benefits of MBE
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Tolerance Analysis

» Product success depends on the application of tolerances:
» They control fit, form and function;
» It's a balance between function and manufacturability.

» Tolerance stack-up and variation analysis are often:
» Iterative and complex, manual processes;
» Time consuming and error prone.

» Modern software, combined with MBD can: mm % @

» Improve communication of design intent;
» Reduce complexity Reduce errors; T

> Yield dramatic time savings.
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Case Studies

Future Electric Motor Systems (FEMS4)

» MTC objective:

» Design, manufacture, and experimentally validate a high performing
electric motor combining several advanced manufacturing methods.

» This is an ideal case study for tolerance analysis as it has:

» CAD and manufacturing drawings;

» Physical components;

» Varying manufacturing process capabilities;
» Tight tolerances;

» Common industrial tolerance stack challenges;

CAD of FEMS Motor
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Case Studies

1D Example Stack

1D Motor Spring Tension:

» 6 distinct components;

» Creates an envelope for a Wave Spring to seat; Casing
» Ensures pre-loading is maintained in operation;

Spring
Carrier

Shaft
A B C
— Clearance: Waye
Main Casing | ==| NDEPlate | | Spring Carrier |mmm | Casing Assy Spring Gap
3.58mm
116 +-0.10 1+-0.25 542 +0.1 109.58 +-0.45 Nominal
3.03mm
D E E D Tightest Fit
Shaft + Bearing + Bearing = Shaft 4.25mm
LoosestFit )
80 +-0.10 13-0.06 13-0.06 106 +0.10/-0.22 Bearings Non-Drive
End Plate

Error prone, Manual stack calculation for the simple case of the spring gap.

CAD of FEMS4 Motor showing contributing components to stack.



Case Studies

1D Example Stack

Top Level Findings:

» Instant each feature’s tolerances;

» Removes engineer, or BMS held spreadsheets;
» Eradicates human error.

Mins Hrs
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Contributions

Worst Case Contributions for Stackup2

PTC-304-NONDRIVEENDPLATE_VO01  Dimension7 1.00 £0.25 mm

Dimension8 116.00 +0.10/-0.10 mm -
Dimension10  80.00 +0.10/-0.10 mm - 16.4%

Dimension9 13.00 +0.00/-0.06 mm - 9.8%

PTC_PRT-306-BEARINGCAP_VO1 Dimension6  5.42 +0.10/-0.10 mm

PTC-PRT-301-CASING_VO1 16.4%

PTC_PRT-201-ROTORSHAFT_V01

PTC_DUMMYSKF6006_V01

PYC_DUMMYSKF6006_ VO
Focetd
Demnension9

Y Face2

PIC_PRT-201-ROTORSMA)

Facetd
Demnension10

PIC_DUMMYSKF6006_VO

%9 I
2
¥ Details
N
ng e
2 % (
._)[ P . (‘_ , ,(_ - Worst Case Results for Stackup?

Stackupl

P &

P PP PP P PP

Spring Gap Contributors obtained using Creo’s EZ Tol analyser

Spring Gap Worst Case Results obtained using Creo’s EZ Tol analyser
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3D Example Stack

» 3D Motor Running Clearance:

» Between the Rotor and the Stator:;

» 37 tolerance allocations contribute to this
clearance, identified from 9 components.

> ldentified Findings:

» Features that had a greater effect on
running clearance;

» Over 2000 simulations ensured other
features always constrained the assembly;

» Analysis was too complex for excel based
tools.
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i FLATE

CAD of FEMS4 Motor showing location of
running clearance.
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Case Studies

3D Example Stack

»Running Clearance, Heating & Interference Effects:
OD “centered” to casing ID,

> Each fit plays a key role in determining measurement actuals. interference produces an overlap.
Options for fits include: Interference will reduce when
» Centering; component are offset.
» Float;
> Bias.

Float and Bias require clearance between objects to function.

€3 Measurement Operation V? X x

nformation

Name

Btator Tooth to Rotor Laminates MFC

Description

A

Type Minimum Feature Cl ~

s md L

ID “centered” to Balance
Plate OD’s, interference
produces an overlap.
Interference will reduce when
components are offset. Assembly model of FEMS Motor

Nominal

[ Specify Limit

A screen capture from NX highlighting the running clearance between the Rotor
Laminate and Stator Tooth
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Case Studies

3D Motor Running Clearance

» 3D Motor Running Clearance:

Dovetall

) Runnin
Join g

» Dovetalil joint between the stator tooth and stator Clearance

ring.

» Designer’s assumptions / preferences can lead to
dramatic implications at manufacturing &
inspection;

» Wire EDM manufacturing method,

» Datum features;

» Critical diameter: — ...... l-

» Tight tolerances.



Case Studies

3D Example — Design for inspection
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Pundit CMM 2023 - 2.2310.7 - 38110-02-PRT-203- StatorTeeth.qif *

. Home View Tools
»Measurement Uncertainty Assessment: oo Qv 85 (0 g gy Bowrne G B b gmol @ M3 S (LR
Move/Rotate Alignment = Auto-Features Single 2D Create Create Create Create Create Measurement Form |Simulation
Ainnotahon Feature Features Datum DRF GTol DTol Sampling Resources Error
Dimensions Alignment Features Tolerances Measurement Simulation
. . - . . - Model Tree x 38110-02-PRT-203-StatorTeeth.qif *  x
» MBD driven tool: Pundit CMM: Capvidia 5 511002 R 2% S Tend
-3 Layers
. = \<> Reference Planes
> QIF, STEP 242, JT, Native;
= odel Entities
- 2] 38110-02-PRT-203-Stat
=[] 3893
O 250
-0 XY Plane
11 1 H . . -[' = Y-ZPlane
» Critical partial radius: 32 um tolerance; S Dn vz
- [V Features ‘}3
+-FFE Annotations %
-7t Coordinate System - 3
. . Saved Views f G\Ab
» > 300% tolerance consumption, based on simulated povctsiontie o,
—_— 2
mid range CMM. ‘i/
» GD&T correction to surface profile consumed only
10%; Same radial zone size.
P
Z
Simulation
> 1000 ~ | Feature - | @ o @ [ ] il LK REVO - Z-probe_revo - m
Play Cycles £ Simulation CMM Environment  Probe Form Error Histogram CMM/Sensor HTML Text Report
Maode ! Report
Feature Tolerance GD&T Standard Deviation Mean Error Uncertainty Bandwidth Consumed
v B 492 Feature Size 495 RB05 +0032 0 0.0476047 -0.00267876 0.0978881 306%
Meminal 312 Profile of a Surface 515 EE
v 8 4 Profile of a Surface 525 [ [0032)-0.016]A[B| 0.00045255 0.0023925 0.00329759 0% M
< >

Screen capture from Pundit CMM portraying the measurement uncertainty derived from alternative
tolerance allocation approaches
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Case Studies

3D Example — Design for inspection

» Datum features:

» Surface profile pushes emphasis onto Datums;

» Unstable datums in the original design;
» Purely design preference / assumptions;

» How is the part made?

> Wire EDM \
» Manufacturability unchanged. Ol statortooth desion

New stator tooth design
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Case Studies

Data driven inspection workflow

» Digital thread for inspection: E@N -
- _(-‘ Direct Refs General 5] Cyindrical Segment Nominal ¢/ ML
. . . . +§’5 121mm, H30  Property Value | Cl
» Uncertainty evaluation provides optimal om0 e el n :
R bac s iameter mm 4l
measurement strategy; 0B, FeatureSizedS | oo, 50 mm
+8 Cylindrical Sed Bottom Undefined o
LG Ol oo
» QIF exported the previously defined @ Cylndrical seg | ) A Direction ©0.0.1)
R . . +.Q Profile of a Sur + Start Direction (0,157, 0.988, 0)
measurement target points in readiness for T Lockerd Sweep Angle 18,1058 deg
component inspection. @ Cylindrical se | = _ SHIEEE -
Points Color . e3dcdc
_ + 0 (8.034, 59,964, -23.5)
+ 1 (8,034, 59,964, -11.73)
. . H 2 (8.034, 59.964, 0)
» GOM ATOS 5 inspection; 3 (8034, 59964, 11.75)
. . + 4 (8.034, 59,964, 23.5)
» 18 parts, assessing process capability; "B g-::; 0 jj?ﬂ
. . H 7 (2.685: 6[):44: 0) ”
» Target points auto extracted,; N e .
» GD&T evaluation automation with MBD.
DT\]HI%”SEIE;'?HEEIWISE SPECIFIED,
ALL DIMEMSIONS ARE 1IN MILLIMETERS
FORM ERROR: unless otherwise specified (m
Chird: LK REVOD
Sensor; Z-probe revo
Default GDA&T Standard: ASME-Y14.5-2018

Screenshot of QIF file import into MBDVidia, showing sampling points planned using the
Pundit uncertainty simulation tool..
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FEMS4 Example Stack — Stator Tooth, Inspection Results

»Summary

» Results of the inner cylinder diameter:

» Mean size deviation of 0.3 mm, with large
variation;

» 100% out of specification;

» Note: GOM ATOS 5 approx. accuracy — 0.025 mm,;
» Co-ordinate Measuring Machine — 0.003 mm.

» Using standard deviation at point level removes additional
GDA&T error at feature level:

» Single point standard deviation between 6 and
14 um depending on position.

» lllustrates the impact of design decisions downstream.

Origin assembly analyser captures that there are no interferences
between the stator teeth and yoke.

Trend chart (cylinder 1 - Diameter)

RI
.’.’ I'u
{ \
i f\
A A\
[N \
[\ \
/ ﬁ._
!
/ 7\
/ . '/ »
/ \ — _
X 121,331 \ / \ x AN A .
Néth: 121.068 | = / \ = \ e - / \
LSL: 121,000\ T —— - = y —
, / \ / >
N\ N/
\ N
AV
o
1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18

Pieces

s Owerall statistics Values per piece

Stator Tooth size variation extracted using Polyworks




MTC — Private — Commercial in Confidence

»Key Takeaways:
» Powerful current state capabilities;
» Vital to understand how the software works and its assumptions;
» Key enablers for understanding GD&T, design, and assembly;
» Digital thread — connect the data for multiple tools to amplify impact;

» Focusing on design optimisation opposed to tolerance optimization.

CAD of FEMS4 Motor.
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