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Mathematical Contributions for Braking Systems
Overview Braking systems @ Bosch Mobility
+ Brake systems @ Bosch | &

* My change: ITWM => Bosch
whoweare ¢ Examples for mathematical

Mobility . . .
- contributions for braking systems
@ € AR
— —_—— e — Anti Lock Control
) . o
61% 56.2 237,100 Electronic Stability Progra
roupsates cales tovamae ey Integrated Power Brake
Who we are
= Our company values
~ Fraunhofer .
ITWM Fut d Initiative and
L
Fraunhofer-Institut fur Techno- und
i Wirtschaftsmathematik ITWM Responsibility and .
Programm Alumni-Treffen Dezember 2024 sustainability @ @ i
= BegriiBung — Dr-Ing Joachim Linn, Abteilungsleiter »Mathematik fir die digitale Fabrik« im Bereich »Mathematik fir die Fahrzeugentwicklung«
= Keynote Speaker — Dr. Michael Hilden (Alumni aus Abteilung »Strémungs- und Materialsimulation«, inzwischen in leitender Funktion bei der Robert Openness s'aa Re':;_ti:f‘y’l i
Bosch GmbH) »Mathematical Contributions for Braking Systems (Mathematische Beitrage fir Bremssysteme)« and trust  \ENO) 5O SRR e
= Pitches (Kurzprasentationen, die jeweils in neun Minuten ein Thema prasentieren) By %08
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Michael Hilden — Chief Expert brake fluid & valves
Development backgrounds

born 1970

HogC-BF  standardization

:h W|PaNo PrOJect TrlNoWe

grown up on 1990 to...

2010 to...
an island in
the Rhine river: Study math Fraunhofer :
Niederwerth (ECMI) BfG ITwv Robert Bosch gmbH Senior expert Chief expert
= -
(flood experlences) ~ Fraunhofer / Lectures for math
R R YO WM @ BOSCH at university Heilbronn

Technik fiirs Leben

Joy & fun with competent &
reliable product design &

fluid “consulting”

= e A 13 ”»
' - CfD research
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“Latex => Power Point”

From ITWM to Bosch in 2002

= RisUrSim: RISk for Urban flood SIMulation

I”

“Matlab => Exce
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= PhD: Extensions of Shallow Water Equations

a h 8 uh 9 vh
Mathematical Simulation r il B L R uvh

uvh

vlh + %_l].’)Z

q
= | gh(Sy — Sp2) + S,..
gh(Sy, — Spy) + Spey

1. column: 2. column: 3. column:

model
approach,
assumptions

(NSE, SWE)

numerical
solution
scheme

(FVM, FPM)

parameters,
physical data
(2, y), Sy)

Nature, Real Processes
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(ESP®)
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cylinder @ wheels)

e ¢

Safe braking
and steering (ABS)

w

.614 (2013)
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Driver assistance?

Source: Bosch, DAT, BASE Based on totalvehide fleet
imsted

2009 2011 2013 | e

sum
the forces

»Concept: Suitable force design in cMV:
+ opening

Py
(Frmagnetic . oh
+ thdvaullc @.

A

» Equilibrium of forces
> Rear Driving Forces

Flow

+ Fspring

= Valve design
= Testbench tasks |

Reliability tasks

Challenge: Suitable force design

example of
stable operating point



https://kluedo.ub.rptu.de/frontdoor/index/index/year/2003/docId/1403

Example valve design development for trucks
Increase flow rates via main seat for high flow

* Improvement of tappet & valve body only (*make parts”).

* Flow improvements +40% + function & reliability advantages, i.p.
by appropriately designed hydraulic force layout by CFD.

Flow Q/ ml/s
N

T
)

28 Standard a8 Take over

Changes:

Pressure drop dp / bar
tappet 160 geometries CFD simulated

by plastic 6 variants with turned steel
part (KvU) tappets built & tested

2 variants with PEEK tappet
built & tested over T & ok

lower deviation variant chosen

Design improved by mathematics ©
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http://rb-cs-nat.bosch.com/?pid=59&nid=852&vid=1&sid=1

Leading my Business - examples by CE brake fluid & valves
3 examples of leadership by content

= KNW /BEO controllable = House of global = SAE & ISO task force
- collaboration brake fluid lubrication brake fluid

WiPaNo Project TriNoWe

NO NOise m
NOr WEar
= TriNoWe

Tibology in NOrms Worldwide

= Benefits from Bosch internal = Global actions and = Transparent & compliance
exchanges among experts harmonization improvements of

= WG founded 2004 = Exchange started 2012 standardization by lab tests
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» Despite many differences (fluid, pressure, flow,...): identical physics



House of global collaboration (HogC-BF) o/ume4 _fluid: incompressible (required)
Application for domain brake fluid (BF) N\@por: compressible (‘vapor lock’)

-y -~ pressure
VM/EMH-DE
Michael Hilden T/DC -~ __g
300 -
- o
5
200 - =
: | - S
Brake fluid 00 o |o
- _
= a key design element . _g
for braking systems g ®
0 Il i€ fe
s

IC€ (solid)

.
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Example brake fluid impact on noise and wear

2012: Challenge... ...and actions...

= Bosch TCD: all DOT 3/4/5.1 = Transparent collaboration
fluids ok. OEM X did ask and active deep technical
suppliers to release a new work within DIN, ISO & SAE
brake fluid (“best in class”). with pfp TriNoWe

AN\
v~

WiPaNo Project TriNoWe

= OEM X “unsatisfied”: all j@ :gr_':ff; F"
suppliers claim “products ok J DUCEO A e

for all fluids”, but 2 fluids : :
) = Bosch did harmonize and
tested => both failed ®.
. enhance TCD: transparent
* One fluid "canceled” due to listing of challenges & OEM
hoise problems in market. responsibilities & consulting
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...for solution (2024)

= Two new lab test for brake
fluids for noise and wear
developed and rolled out
round robin tests r2atw & R2TW.

Impact of brake fluid on noise and wear: product test =
Two application oriented lab tests applying identical test specimen

noise rubber sealing ring
Noise lab test
developed as -
DIN51834-5 |
rubber sealing ri
- ear lab tes
nnex sa & 1so R

assessments & to be r
introduced into brake fluid
standards of SAE & ISO

TCD: Technical Customer Document BOSCH

OEM: Original Equipment Manufacturer




Motivation for development of NOise & WEar standard tests
Future trends emphasis challenges noise and wear for brake fluids

= Brake / clutch » Few fluids: noise = Future trend: = Reduction of masking
noises in vehicle.

= Target for fluid:

&

= Pump element ESP® = Few fluids: wear = Future trend: » |ncreasing load for
pump sealing ring.

(audible and measurable by acceleration)

Electrified mobility

«|—accegleration

RN

Automated mobility
= Target for fluid:

-,

» Introduce additional “quality criteria” for brake fluids

= Develop appropriate lab test method for each criteria
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Impact of brake fluid on noise and wear — the pfp TriNoWe
Target: development of lab tests reflecting valid system results

noise rubber sealing ring

metal body
brake fluid
EPDM body

rubber sealing ring
wear

Sl metal body
brake fluid

= abstractions = models = simulations =

system results

5 test fluids TriNoWe

a— | € 2 50 SAE & ISO Task Force with e Y e O
wear Il ) ' und Energie N
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& transferable

fgrund eines Beschlusses
des Deutschen Bundestages



Work & organization model for SAE & ISO Task Force lubrication

Both brake fluid committees of SAE & |
AE: 12.10.2017, 1SO: 09.11.2017) and
ask Force itself (TF: 05.10.2017) decide
reement, that the TF acts as SAE & ISC
in order to use its deliverables for both

SAE & ISO TF “delivers” its results to SAE & ISO

Brake fluid committee
TC22/SC33/WG14

SAE & ISO Task Force (TF) SO Scope (09.11.2017):
brake fluid lubrication Define lab test to evaluate
lab test | w . lab test lubrication capability to
R L hk wear measure
I a. hoise
WiPaNo Project TrlNoWe b. wear
: NO NOi
, wa;; Bummmmum as new ISO test method.
) = TriNoWe > 1 Mg Lﬂgn”;ﬂ';gﬂ (Extend ISO 4925)
Vehicle Motion | VM/EMH-DE Dr.rer.nat. Michael Hilden | 13.12.2024 Tl'lblgy Do IdWIde pUbIIC g
rernat > funding BOSCH



- SAE & ISO Task Force
000 )
© BOSCH sbrake fluid lubrication® (2:,52,\ @

Invented for life
VN FREUDENBERG

INNOVATING TOGETHER ' A . —
“““““““““““““““ (¢DIK? ’ka/ 19 meetings @& HYUNDAL
tr‘lbologle since

- BASF

@Greemng‘f @ - CC' We create chemistry

:2;:(535::“3 CLRPLRAT ICH
| I QZELLE?S CCCCCCC . o . SDUTHWEST RESEARCH INSTITUTE = ‘ D u Pu NT ' U_IQ
N Fakultdt IT MA‘T@U@U. \ CLAR IANT
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http://greeninginc.com/
https://www.swri.org/

Tribometer test equipment and results (example SRV 4 @Bosch)
Valid differentiation between ,hot noisy®* and ,,noisy” fluids

EPDM disc

friction force

M=
normal force

“not noisy” u(t) “noisy” P —— .
brake fluid: -] brake fluid: . H(t)
example RF ISO | - example RF 31 | ]
(ISO 4926 or SAE RM66-07) | = (canceled due to noise
=] complaints)
no stick-slip effect o measures p-oscillations stick-slip effects
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Two assessment values for brake fluids for noise: 0 & SFC
Introduction method: sigma o(A)

RF31

RF ISO

15

—— devices.imc.channel. A_Reibweg

metal

s(t)

ball

[— deviezs.imo.channsl AL Reibwert o,

fluid

friction force

normal force

u(t)* used simplified as ratio

friction force to nermal force

measured by SRV
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l — Filtered_RF31 — Measured_RF31 ‘

20 N, 5 Hz
| Delta_RF31 |

A = measured - filtered

= ol(A) = o,ozsgl'

T T
400 450 500 550 600

l —— Filtered_RF33 —— Measured_RF33 ms ‘

20N, 5 H

| — Delta_RF33 |

011 o(A) = 0,0009
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0.1+ (<4% of 0,0253)

T T I
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o = standard deviation (4) ™
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01 o Mecoom|
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BOSCH
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SAE & ISO noise test evaluations of sigma in statistical study
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SAE & ISO noise test: consistency of experiments & simulations
Consistency of tests and simulation by measured Stribeck curves

Stationary Stribeck curve for RF31 & RF 33

Static Friction Coefficients differ

0.3
.T.u.z'-
< RF31 model
0.1 + RF31 measured
RF33 model
+ RF33 measured
u 1
10° 101 102 10°
relative velocity [mm/s]
o
v
_ v a
u(v) = uge + (cv
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New dynamic friction approach:

X !h(x, t) I

FEM model results for RF 31 / RF 33

rebuilds

stick-slip

effects
for RF 31,

but not
for RF 33.
Simulation applied to specify noise test criteria (Source: HsH) BOSCH

B =156250 (mm - s)"1,v=0.3

7 |- - - ‘RF33 stationary

0 . .
0.5 0.6 0.7

—h(t) RF31 dynamic
1 |—h(t) RF33 dynamic
- - = -h(t) stationary

0.5 0.6 0.7 0.8 0.9

1 1.1 1.2 1.3



Wear test method according of SAE&ISO TF brake fluid lubrication
Valid differentiation between ,,no wear” and ,wear” fluids

A : e _,,113°C’S"I5§#\kl'.te _7 r ; ; ’ .

g Q ‘ > setfor 105°Ciin tribo cont: i N ’ - |mprove.d test
= ] | : ‘ » g bath with...

i : 1. b 1Y y i
e ' '  N ' e .
—Tribometer \ , - TTF EJ T 7 L '|

~ Optimol -
o ® ...EPDM disc
e

# ; ‘RAV 4 105°C in tribo contact . .
b - fixation

20° incline
N : N i ‘ Test specimen: —~.Bosch pI‘OdUCt ]
, O wear in T . metal ball, d=10 mm, G5 | wear in T .
\__/ product test wo friction jum ‘ - EPDM disc, d=10 mm Q product test frictionjilgle

Roughening EPDM: PDR

: f M - Continental
et ? A\ product
p! X ba\\ |
[ fest s\ '[est bath & wear
“ \ .~ fluid amount with
|
RM 66-07: no wear (,,., = 0,10 mm) - => fluid level MTG: wear (d,.,, =0,98mm) MTG

e o e e s e Gwear sM€AsUres” the wear depth in the EPDM test disc after wear test
1 RM-66-07 =150:-4926 “reference fluid™ (PDR & plastic deformation contained) BOSCH



& n,

Wear test: evaluations for d,,.;, Uinean jump

= 0,980 mm)

wear

RM 66-07 (def. of ref. fluid): NO wear (dwear = 0,1 01 mm) MTG (raw materia): Wear (d

0.0

Round Robin

Test Wear -2
0 01-08/24
| p_smooth © p_mean | — u_sm.ooth © H_mean |
0 Filtered data pg,,om w0 Filtered data p, o0 o
i = 0,235 pres I
200 -} “mean_ 0’087 200 wji!mj
0 0
[—dudt o limt @ limit | [—ddt  limit  —@— limit | ‘ 1
10) sati ’ v’ Derivative B¢ oot
) ¥ (Neycles ONlY 4.0005
05 05 1 T only RF3.W&4.W
0.0 A acAD Aot 2 AAARAR N800 o D as Pl aDAAAAA AN A 80 Dt s A0 A0 s 0R8aRan 2080 A0 AR AuPaanh Ara Aut AR AR AN A1) 0.0 Adaaha PV RN T TON STV T T VY T YT IraY ﬂﬂnﬂﬂﬂ“mnﬂmmmm AM’th/\
ncyce @ n_jump | n_cyc.le ® n jump | R 2 TW'2 s
10 No p-jump detected o P-jump detected @n;,,,;=2.232 2 tests / day
2- 2- 2 test days @
0 n., .= 4.000 O Miump < 4.000
0 é 1‘0 1T5 2‘0 2‘5 0 é 10 1‘5 20 2‘5
10° M (13 M 16 bb)
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Wear evaluations of d,,,

. R 357d1201

in statistical study performed by Bosch
ngh repeatablllty and con5|stency of results for three operators

. R 349 d= 0812

. F! 369, d1156 . R 379, d=0,819

. R 259 d= 0980

= -~ L 10*MTG =>

—_— = = = Operator 1 —

* Run 353, d=1,301

= Run 361, d=0,989 =

—

= = = i;m; <=10* RM 66-07 ——

—
T

= Run 536, d=0,693 =

i
E——T ———
p— T JiSew— 1V

p——— | ] E——

10* MTG =>

Operator 2

= Run 531, d=0,643

= Run 587, d=0,584

~ ' — —

——""

= Run 599, d=1,120 =

= — — — — <=10*RM66-07
= - == = {0*MTG=> =

]

: — _‘ iLu..m:

* Run 623, d=0,837 =

Operator 3

= Run 592, d=0,693 =

— 9~ =1 <=10*RM66-07

ion | VM/ EbieRE Reias nat. Michsalbidakedel 22024~




Impact of brake fluid on noise and wear: product test =

wo application oriented lab tests applying identical test specimen
i rubber sealing rin T=25°C+5K
noise &g @ F =15, 20, 25 N
Noise lab test &€= s=2mm
metal 1.5 mL test fluid
developed as kAl f=2 34,5 6Hz
DIN51834-5 — 8 s min 10 cycles each
_,_\-—. i_
rubber sealing ring 20%incline position
T=113°C
(for 105°C in tribo contact)
Wear lab test M Pliovesly
summary as ©N . Ss=3mm
- s f = 40 Hz
Annex sAE & 1S0 fluid_ - 0.4mL test fluid
B 4.000 start-stop
\ cvcles with 4 s on & 1 s off
system results = abstractions = models = simulations =
- ———— — Introduce additional “quality criteria” for brake fluids —

wear 001
21 Vehicle Motion | VM/EMH-DE Dr.rer.nat. Michael Hilden|13.12.202 Develop appropriate Iab test method for each criteria Results Valld BOSCH

& transferable




Impact of brake fluid on noise and wear: product test => lab test
Implementation of lab tests reflecting valid system tests results

Noise
test
DIN

51834-

Wear
test
Annex
SAE &
ISO

ok

Test mimic
Since 03/2024 |[Since 10/2022 |Draft published

Finished

Round robin test

- 10/2022

02/2024 - 08/2024 (08/2021

Precision

Finished
Finished

Standard ok

Finished 02/2024 |Standard published

©
()
e
B2
=
U=
x
()
C
c
<

To be published
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Finished 03/2024 |Pass/Fail SAE

Decided by committee

Pass/Fail ISO

Decided by committee

Decided by committee

Status 11/2024

/ mm

Sigma /1

d_wear

1,00E-01
T=25°C+5K
oy F=15,20,25N
1,00E-02 g = 2 mm
Pass/fall criterion <0 005 mmetal & .5 mL test fluid
1,00E-03 te . ba" r ef =2,3,4,5,6 Hz
- EPDM disc l“mln 10 cycles each
LJ g
1,00E-04
0,05 0,1 0,15 0,2 0,25 o N
20° incline position
SFC/1 T=113°C+5K
1,00E+01 (for 105°C in tribo contact)
M =100 N
el

=3 mm

1,00E+00

\
A
* o "o *f = 40 Hz
f»d },mL test fluid
---------------------- 4.000 start-sto
100e-01 Pass/fail criterion <0,18 mn', cycles wiha's on f 1s off

st specimen ldentlcal
* metal ball, d=10 mm, G5
0 1000 2000 3000 a00 *© EPDM dI§C, d=70 mm
* Roughening EPDM: PDR

Option: wear test after noise test & BOSCH

1,00E-02

n_jump /1



Michael Hilden — Chief Expert brake fluid & valves
Tasks & passion in 5 sentences

= Joined Bosch ABS & ESP after PhD in computational fluid dynamics at Fraunhofer ITWM in 2002

> 20 years hydraulic development experience, i.p. for valves and brake fluid tasks

Deep hydraulic content & solving challenges => motivation & joy & fun ©

Success factors: appreciation, good & fair collaboration, deep understanding & design

Leadership by content: give sense & purpose AND motivate & inspire

Dr.rer.nat. Michael Hilden, Chairman of DIN & ISO brake fluid committees
(TC22/SC33/WG14), Coordinator of SAE & ISO TF brake fluid lubrication,
Chief Expert brake fluids & valves @ Robert Bosch GmbH
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