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Institute of Machine Components
Overview

* Research fields: Reliability Engineering, Sealing Technology, Driveline Technology,
Rail Vehicle Technology

 Scientific staff: 2 profs, 5 doctors, about 35 PhD students
* App. 100 bachelor and master theses
* App. 50 publications yearly
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Institute of Machine Components
Workings groups

Reliability Methods
= 1l

Renewable Energies

Load Spectra Reliability Analysis

Root-Cause- Analysis and Demonstration

Ensuring & increasing
Failure mechanisms reliability

Working
Modeling and Simulation

Availability & H<0O
Maintainability Analysis k)
o—-m®

PHM and Safety Prognostics of

101
°001 < Remaining Useful Life
o) g Health Management
A

Confidence Intervals % Resilience

Production Processes Test planning

Functional Safety

Reliability
demonstration ¢ Design of Experiments

Product Design R= LTE ST ..\MA
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RelTest-Solutions

IMA Spin-Off

Testing Failtre mechanisms

Design of R: L\
Experiments SOLUTIONS
Reliability & Testing Solutions

Load capacity

FEM-Simulation Load collectives

72T VJULA
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RelTest-Solutions
Background

Martin Dazer
starts PhD at IMA

Consulting

= il

LAE_\L@

Kevin Lucan

starts PhD at IMA Start of

consulting
activities

Establishment of RelTest-Solutions
at TTI GmbH of University Stuttgart

REL4pT=ST

SOLUTIONS

>20 international projects in 3 years
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NIDEC GPM Group
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Reliability
Basics , .«

3 Reliability seminars

1 DOE
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¥ [|ectronics

Reliability
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Scope
Reliability based product design
Efficient risk based test planning
Reducing Uncertainty with Bayes Theorem

Intelligent operating strategies

RzL4%T=ST {JULA

6 14.10.2021 | University of Stuttgart | Institute of Machine Components | Reliability Department | Martin Dazer -
I y gart | p | y Dep I SOLUTIONS UNI STUTTGART



Introduction

Reliability highly
necessary to
prevent disast.®s

Reliability requirement :

0 Lifetime .
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Introduction & Challenge

On Target Design

Confidence Limit
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Introduction & Challenge

Confidence Limit
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Scope

Introduction & Challenge

Efficient risk based test planning

Optimal design

Reducing Uncertainty with Bayes Theorem

Intelligent operating strategies

°
R=14T=ST \JULA
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Main target

Reliability

—~~
c/
(e

Product Design

-.’, Failure behavior
L {

.

Design effort

Lifetime t

L

Combination Reliability effort

v I\

Sizing
Rz14%7zST {JULA
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Main target

Reliability r ~N Sustainability:

* Necessary to reduce
global warming potential

* Necessary to ensure
safe product operation

* Design has to meet « Best Design for low
reliability requirements \ y environmental impact

/Related parameters

- Material consumption

- Energy demand

- Spare parts requirements
Weak - Useful life

Design /
Oézr;;g:d ‘2’/@ .
R=L4T=ST \JULA
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/Related parameters

- Probability of failure
- Useful life

- Availability

- Maintainability




Reliability based gear wheel design
Boundary conditions

Identification of the
best design!

Reliability 99 % with 50 % CL
Lifetime 1,8 - 107 Cycles Reliabil Ity |

demonstration =
Stress 150 Nm Torque

HESE | UU\A
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Reliability based gear wheel design

Global Warming Potential [kg CO2 eq.]

Results
6
25 x10 T T T T T T T T T
GWP-Total
------- GWP-Reliability
————— GWP-Selling
2 — -
1-5 B 7 - - g -
Life test for reliability demonstration
1----____________;: -----
1 -
Life cycle assessment for:
0.5 - « Planned sales units
. * Reliability demonstration effort
0 I I | e [ TLITTITTTN Jarasearaens desssesrarnss des L
7.5 7.6 7.7 7.8 7.9 8 8.1 8.2 8.3 8.4 8.5
Tooth width D [mm] .

REL4T=ST UU\A
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Reliability based gear wheel design
Comparison of different results

X106 /—\

2.5 T T T T T T T T T

GWP-Total
---------- GWP-Reliability
_____ GWP-Selling

j
@

05

Global Warming Potential [kg CO2 eq.]
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GWP-Reliability:
600 Samples - 637 kg CO2 eq.
103,781 h Testtime - 1.25-108kg CO2 eq.

GWP-Reliability:
500 Samples - 560 kg CO2 eq.
3,557 h Testtime - 4.28-10%kg CO2 eq.

R=147=ST {JULA
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Reliability based gear wheel design
Oversized designs

6
25 x10 T T T T T T T T T
GWP-Total
Y ewp-reliaviity | | GWP due to Reliability Demonstration l
c X |me———— GWP-Selling
() 2+
o
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Reliability based gear wheel design
Optimal design

Global Warming Potential [kg CO2 eq.]

2.5 >§1(ﬁ i ——— T T T T T
i DIN 3990 I GWP-Total
« v r I e GWP-Reliability
ng — 1 i ————— GWP-Selling |
[ !
msi | .
: Optimal Design
. Not possible P J
1l | |
[
057 I :
| !
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75 7.6 7.7 7.8 7.9 8 8.1 8.2 8.3 8.4
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Tooth width D [mm]

8.5

DIN 3990 |

S=1.2

Standard misses

the optimal design

n

111
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Reliability based gear wheel design
Optimal design

2.5 x10° T T T T T T T T T
GWP-Total
---------- GWP-Reliability
————— GWP-Selling o .
2r ] 1. Efficient test planning
strategies for reliability
W .| . demonstration
12
(72]
- T S s S —
O | pememememem——emmm
— 1F ]
i : :
s 2. Reduction of uncertainty
05 _
0 | | | .I. ........... [ ILLLLLIT T fossssnsnuanns dusssssnannas ' b
7.5 7.6 7.7 7.8 7.9 8 8.1 8.2 8.3 8.4 8.5

Tooth width D [mm]
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Scope

Introduction & Challenge

Reliability based product design

Reducing Uncertainty with Bayes Theorem

Intelligent operating strategies
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"If | had eight hours to cut
down atree, I'd spend six

hours grinding the ax."

Abraham Lincoln
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Zero failure / Success Run Testing
Basics r \

Binomial approach
X
6 | — n ; ;
C=1- Z D). (1 = R(®) - R(E)™
- 5 : - ; i:()(l) |
2 4 | —— ’
%_ 3 : s (" D
(ans 2 | — Binomial approach with no failures
|
1 | — C=1-R(®)"
| > \ v
Lifetime Yooyt

Success Run Test:

How likely is it that the test will be

« Test stop after specified time successful?

* No failure during the test
pT=ST |
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Zero failure / Success Run testing
Probability of Test Success

A é )
/‘1 ? Py = R(tp)n

Rreq(t) = 90 %

o = 0
2 Creq =95 % P, =0,972° = 0,41 ~ 41 %
= . J
©
[t
(-
o
2
5
@©
8 ________
= i Prior data?
. |
R(tp) .......... ,
!
1
i
i R
I - -
t Lifetime
p P~ :
R=1%¥pT=ST \MA
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Zero failure / Success Run testing

63,2

10

failure probability F(t) [%]
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/% Test 1 - Failed

/% Test 1 > Success

‘ 10,000 Monte-
Carlo iterations

g \/
o
X
%, PY
8y N7
XY %

RzL47=ST {JULA
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Optimal test planning

Parameter Space
* Failure behavior
* Uncertainty

+ Sizing
+ Design Failure mode Prior
+ Material ‘

» Topology 'g

_ Optimal Tes;\
* Testtime ]
« Cost model planning

» Test rig capacity
N\t

Target « Lifetime model
9 * Load level height

. Sample distributon
» Probability of Test Success P
* Life requirement

System level
* Reliability structure
« Component vs. System test

» Competing failure modes

R=L4pT=ST |

. ®
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Finding an optimal test strategy
Using Smart Data and Deep Learning

) 4 )

/1, Parameter space\ / 2.LHS \ / 3. Simulation 5. Results
4 = N
I -
. ; § 1. Py
i 2. Cost
—=7->

\,’ / \ 3. Time /

UU\A
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ANN prediction quality

EoL cens. type Il, best ANN

600 | .
500 | Test type RMSE (Pys) [%]
EoL 0.68
EoL combined 0.84
400 1 Accelerated EoL 1.67
8 EoL cens. (typel) | 2.47
S 300 EoL cens. (typeI) 2.95
2 combined
200 - EoL cens. (typell) | 1.49
EoL SD 1.04
SR 2.12

100 1

-1 -0.5 0 0.5 1

PTS error [%]
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Some Results

Cogmparlson Min. P,_ 2 90 %
10 TS
"(7.)‘ L
8 102k
7 10 Non-censored test
s F|— — — Time censored test
8 | | — — — Failure censored test
%‘ Al Sudden-Death test
3 10 E|— - — - SR-Test (nofailure) -
g F|— - — - SR-Test max. 1 falure TR [
A - | — Accelerated life test FTT e
10, -
10 20 30 40 50 60 70 80 90

Oversizing [%0] RZL ST=<T .
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Example
Giving some real numbers

Requirement:

R(16.000 LC) = 94 %
C =90 %
P. 290 %

...Caliper

..Brake lever 2 %I E_
..Piston 3

..Brake disc dummy 5 6
..Brake pads
..Adjustment 4/
..Cylinder

..Counter

Static strength test

for reliability proof

PN O R WN =

RZL4pT=ST UU\A
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Stochastic Life Calculation
Genereting prior information

Material Loading Tolerance Lifetime model
/\ /\ /\
SN\ RN
A
\\ | I

Freq.

f(strength)

f(stress)

>
Mstress uStrength Stress / Strength

RzL4%T=ST {JULA
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Stochastic Life Calculation

Results

-1 O Simulation
| | X Real data

S,
()
S

E
S
LL

©
S 10}
=

35
@©

Qo
o
S

o

1t Shape  Scale
0sl /0288 69307
’ X 2,89 93093
10* 10°
Lifetime

Probability of Failure [%]

99.9F
- | O Simulation

| | X Realdata

O
O

N O
Ul ©

Ul
o

N
vl
T

U=y
vl O

Scale
27535

Shape
O 3,98

X 3,68 37751

Lifetime
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Example

Giving some real numbers

Requirement:

R(16.000 LC) =94 %; C =90 %; P, =90 %

Test Acc. Non- T | Sudden Success Success
strategy censored Death Runf=0 Runf=1
P, [%0] 90,0 91,4 90,2 83,4 90,1 60,4 81,6
n 27 30 36 18 56 38 33
Cost [€] 291.353 | 326.800 | 391.200 | 190.400 | 591.600 | 389.000 | 338.000
Time[LC] | 111.061 | 165.500 | 17/4.000 | 81.900 [ 550.400 [ 48.800 62.300
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Scope

Introduction & Challenge
Reliability based product design
Efficient risk based test planning

Intelligent operating strategies

- °
RE4T=ST | JULA
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Reducing Uncertainty
Bayes Theorem for HV Battery

prior information

fR) = RA071(1 — R)Bo~!

B(Ag, By)

Bayes
Theorem

21,000 8

et [- ]

Stress Strength

L \ &

Ryeq(treq = 470 MWh) = 90% with C = 90%
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Current information

P(E4IR) = () R"™*(1 - R)*

6 | Testrig
) 4 + )
o 4 .
= Field test

0 0.2 0.4 0.6 0.8 1
Reliability R

R=147=ST {JULA

SOLUTIONS UNI STUTTGART



Reducing Uncertainty
Bootstrap approach

100

0.999

X

X 4
%\
x

SoH [%]

0.95 .
95 0.75 ]
0.50 i
S0 Q 025 .
=]
= 0.10 -
85 8 0.05 .
%5 0.02 .
(]
80 >, 0.01 .
£ 0.005 .
75 9
8 0.001
o
70 S
ss| Simulated degradation .y |
'E‘D Il Il i Il Il Il Il Il i L L L 1 1 1 1 1 L 1 1 1 1 1 1 1 TR SR [N ST S SN S SN T S N 1
0 200 400 600 800 1000 1200 1400 1600 1800 2000 200 300 400 500 600 700
Cumulative Energy [MWh] Cumulative Energy [MWh]

b

Uncertainty of both sources must
be taken into account

n, = 21,000 & n, = 8
[
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Approach




Reducing Uncertainty
Calculation approach

(D Failure distribution ‘ \l

100

95

SoH [%]

90
| ~
85 | N Life distribution T\
80
T - Bootstra ]
75 08} : @ P Reliability distribution h
70 | o7 : .'. ° . .. .
ss| Simulated degradation A | @ prior distribution
&0 | | I | | | & o5 : | 61
0 200 400 600 800 1000 120 04r X
Cumulative Energy [M 031 : a4l
0.2 : E/
{ Beta distribution can be derived
] as prior information
A=12.09 C = 80.46% oe 0B 08 !
Reliability R
\ B=1.21 R =90% J
S ®
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Reducing Uncertainty
Combining the information

prior information

Current information

Bayes
Theorem

Field 1on
01.11.20 27.04.21 15
test 01.02.21

Test
01.10.20 27.04.21 4 none

rig

DD 02 0.4 0.6 0.8 1 4 b D A
f (R) ) . Hj (1 — R( ésj) ) . RA-1. (1 — R)B—l
post - it PN
L f RZ(t_:) . Hj (1 _ R( é;) ) .RA-1.(1 = R)B-1 dR)
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Reducing Uncertainty
Results

25 T T T T T T T T T

posterior distribution

157 Testing

f(R)

5 prior distribution

0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95
Reliability R
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1

More accurate
prediction

Saving of
8 Field tests
1 Rig tests

Rz14%7=sT {JULA
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Scope

Introduction & Challenge

Reliability based product design

Efficient risk based test planning

Reducing Uncertainty with Bayes Theorem
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Designing an adaptive high rise structure
Premium for Height problem

Adaptive structure

High rise
S : - demonstrator
,Premium for Height Damping by
>T< 4 integration of Active y
3 @ V 9 Variants
€3 Q€L actuators
— oS
3 e
S 2 SN o
= Strength-dominatec.
D1l ——=—-------""
N N AR (NN NN N N N Module
0O 10 20 30 40 50 60 70 80 90 100
Number of floors —
Realistic structure exposed to
wind and earthquakes SFB
.- - - |deal structure, isolated from 1244
wind and earthquake SEG .
38 14.10.2021 | University of Stuttgart | Institute of Machine Components | Reliability Department | Martin Dazer - L T - S T \MA

SOLUTIONS UNI STUTTGART



Designing an adaptive high rise structure

System layout
Measurement signal

I
B y . (3 Intertial ) Strain ' (Hydraulic ) Active
"Decentralized’, | measuring(LJ |- || gages actuator / diagonal
) controllers . units ) ' L b
Module 3 |} (Optical b (Hydraulic | )
TE measurement |-+ > valve
\ J -
( ) \_ %:@_@ \_ IIIII:])
Module 2 P S
ﬂ - (Central Hydraulic
N U controller=:3 - Control signal pressure
Module 1 g ) reservoir ") Hydraulic
I § ic | ) fluid
ﬁ ); Emer. power El. Energy Hlyj/rcnrl]raullc
Battery é} pamp I:@
- J
.......... Power Supply g

R:4T=ST {ULA
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Designing an adaptive high rise structure
Representative load spectra

N
® ——Hurricane
¥\ ——Storm
o
(5]
(5]
o
[7p]
o)
< ——WL7
= ——WL6
WL5
——WL4
——WL3
QHigh rise demonstrator 0 St bl Mol tnntes Ml WL2
0 5 10 15 20 25 30 35 40 45 50 s 60 | WL1
\>- Main wind direction Time
- 0, T T T T T T T T T
Terrain of the demonstrator 0%
2 309 28.9% Location: Uni Stuttgart 4
) N 48°44° 473" E9°6°27.9”
> 0,
gzo% 18.1% 14.6% 16.5% B
T 8.6% 8.8% i

10%
: ] 22% o049 [ 19%

0%
WL1 WL2 WL3 WL4 WL5 WL6 WL7 Storm Hurricane

R=14%T=ST \ULA
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Designing an adaptive high rise structure
Deflection of the different variants

90 | [ [ [ [ [ [ [ [ [
m8n8 I I Passive I Active 8 M2 [ Active 16| |
75 I Active 8 M1 [ Active 8 M3 [ | Active 24

Deflection

40 . . . ) ... . _. [ P R R Requirement

142t 162t 183t 199t 224t 247t 274t 30t 336t 348t

Load bearing mass

°
R=14T=ST \JULA
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Designing an adaptive high rise structure
Availability results from the petri net calculation

ngh r|Se 14% T T T T T T T T T T T T

0,
demonstrator /] 13 %
- 12 % :
A EIR, Calculations are
RS ’ performed with Petri
10%

90 - nets and FTA

Active
Variants

8%
7%
6% [
5%
4%
3%
2%
1%

------ St ittt el et it st s st it st 9 S

0% | 1 L
0 2 4 6 8 10 12 14 16 18 20 22 24 26years30 /4%

Operating time [years] .
R=14%T=ST \JULA
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Probability of Failure

fA16

Module
1




Designing an adaptive high rise structure
Comparison of the different variants

3200 T T T . T 4.5
Ka CO. e 2890 B structure B Hydraulic oil
g0 €q. B Battery [ Actuation energy 14
2400 F [ Actuators —<&— Life factor
[ IPower unit 135
S 2000 [ o £
g 1636 : 13 &
a 1600 =
= 125 ¢
1200 - =
i ©
800 |- 2«
400 115
0 Same fatigue damage 1
Passive Active8 M1  Active8 M2 Activel6 Active 24
33.6t 24.7 t 24.7 t 2241t 2241
S ®
- - y | R=14%7=sT {JU\A
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Scope

Introduction & Challenge
Reliability based product design

Efficient risk based test planning

Reducing Uncertainty with Bayes Theorem

Intelligent operating strategies

®
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Summary & Conclusion

» Reliability is one of the key factors to develop high quality products

» High performance reliability methods using smart data can be used to identify
optimal product designs

» Bayes Theorem can reduce uncertainty for efficient reliability demonstration

> Reliability methods are generally applicable

°
R=14T=ST \JULA
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: University of Stuttgart
Institute of Machine Components

Reliability Department

Thank you!

Dr.-Ing. Martin Dazer

e-mail dazer@ima.uni-stuttgart.de
phone +49 (0) 711 685-66164

www.ima.uni-stuttgart.de

Pfaffenwaldring 9
70569 Stuttgart

Germany

,Find us on LinkedIn®
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