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Summary

As one of the brakenduced noises and vibrations, hot judder is forcedatitan, which

is caused by unevenness of the brake disc due to the thermal mechanical interactions in
wheel brakes. Brake disc unevenness is normally described and evaluated as the Disc
Thickness Variati on ( DOW()ROa DTV andtR® gethd s c 6 L &
ate Brake Pressure Variation (BPV) and Brake Torque Variation (BTV) in wheel brakes,
which are transmitted to the driver and perceived by the driver as the brake pealal puls

tion, the steering wheel oscillation, the car body vibrations, anefriegyuency drone

noises inside a vehicle.

Hot judder is characterized by hot spots on the disc surfaces. The frequency of hot
judder is dependent on the wheel rotational speed, showing order behaviorsn¥he nu
ber of hot spots generally corresponds to the dantiorder of hot judder. In the last
decades, most of the hot judder tests have been carried out with brake dynamometers,
and high numbers (typically around 10) of hot spots were found in the majority of the
tests. The generation and development mechanidntise high dominant order have

been almost the exclusive focus of current hot judder researches. However,uhe infl
ences of the vibrations and noises (with higher frequencies compared with tbedlkw

cold judder) caused by higbrder hot judderonthé r i ver 6s subjecti ve
been still not clarified. That is to say, it is still unknown in which fama under which
conditions,the highorder hot judder can be transmitted to and perceived by the driver,
andthus causing customer complaints.

A top-down approach is used in order to investigate the influences cbhilgn judder

on drivero6s perception with r emsdprédatjad- t o t w
der in vehicle tests a-orderhotjuelderdThe fiseasped@ per
is mainly investigated by studying the transferability of dynamometer tests to vehicle

tests and by identifying the incidence of higider hot judder in productiobrakes.
Specifically, identical brakes from one front brake and one rear brake are separately
tested with a brake dynamometer and through vehicle tests by means of road tests and
chassis dynamometer tests, and all brakes of four production passengdentified

with accelerometers attached on the brake caliper and the caliper bracket.

The perception of higlerder hot judder is chiefly studied by investigating its transfer
behaviors. Global transfer functions from BPV/BTV to the selected driver acterf
quantities (brake pedal pulsation, steering wheel oscillation, seat track vibrations, and
vehicle interior drone noise) are defined, which establish the links between the hot
judder intensity in the wheel brake and the intensity at the driver intetfaceder to

Xl



Summary

identify the transfer functions with a high sigmaliseratio and better reproducibility, a

novel testing method is adopted: vehicle tests with brake discs that are artificialty mod

fied with the desired surface shapes simulating the-bidger DTV/LRO. Altogether

three vehicles with seven different modified discs are tested. Two critical levels of drone

noise (60 and 80 dB(A)) are selected according to the general vehicle total noise level

and the humandés per c e plheperceptionitraeshmld valeesofst i ¢ s o
the driver interface vibrations are obtained through regression analysis between their
subjective ratings and objective measurements. Based on the critical drone noise levels

and the threshold values of vibrations, adl @& the global transfer functions, threshold

values of BPV and BTV for perceiving the highder judder are computed.

Concerning the incidence of higitder judder, both the dominant order and the thermal
increases of BTV and BPV for the dominant orgleowed great discrepancies in diffe

ent test types (e.g. brake dynamometer or vehicle, drag braking application m4th co
stant velocity and constant pressure/torque or stop braking application with decreasing
velocity and constant deceleration/pressure)t jddder behaviors in the brake dyn
mometer test were not transferable to the vehicle tests. Besides, no evidemtdeigh

hot judder has been identified in all the brakes of the four passenger cars. Generally, hot
judder seems to be more likely to be ieedt at the brake dynamometer than in the-veh

cles. Therefore, brake dynamometer test is still appropriate for detecting hot judder in
the early phase of brake development, and thus preventing its occurrence in the vehicle.

Regarding the driver 6s p e rpoobaplerdasomleadingh e dr on e
to customer complaints, since higher than 100 Hz less than 10 Nm BTV is required to
perceive the drone noise and 50 Nm BTV can already result in unacceptable drone

noise The driver is less sensitive to the vibrations caused bydridgr judder. Roughly

at least 20 Nm BTV or 2.5 bar BPV is needed for perceiving the vibrations, and the
perception is most possibly due to the steering wheel oscillation or the verticdévehic

vibration. Moreover, some resonances in the transfer paths play a significant role in the
high-order judder transmission. Although the investigations in this work are limited to

three vehicles, the practical significance of hagder hot judderonthé r i verpés per ce
tion is revealed for the first time. With these results, the impact of the measured BTV

and BPV of hot judder, e.g. in the brake dynamometer tests, can be assessed.

Combning these results, the most effective and efficient way to mitigathigtorder
hot judder would be reducing its occurrences in the wheel brakes and diminishing the
prominent resonances in the transfer paths.

XV



1 Introduction

1.1 Brake induced noises and vibrations

The awistomer requirements fdine driving comfort and theehicle NVH behaviorsare
continuously increasing in the last decades undsiilllbe higher and high&rA ot of
noises and vibrations may be inducedliybraking systenin a vehicleduring braking
Figurel-1 shows a classification afoises and vibrations caused by the braking system
according to their occurring frequenci€seventing or reducing these noises andavibr
tions is a major targetirmly integratedin the development oitheel brake systems at
bothbrake suppliers angehicle manufactures

M

-------------------------------------------------------------

High frequency
squeal

Low frequency
squeal

___________________________________________________

Self-excited

Vibration type

______________________________________________________________

Forced

I ' ' ' '
------------------------------------------------------------- o

10 100 500 600 1000 3000 10000 20000
Frequency in Hz

Figure1-1: Classification othebrake induced noisemndvibratiors

Brake squeal is the result of seltcited vibrations othe wheel brake. The frequencies

of brake squeadre associated witthe resonances of the brake components. There are
two types of brake squedhe lowfrequencysquealandthe highfrequency squeéaThe
difference between them is the mode shapes involved in the modal coupling-mech
nism. The lowfrequency squeas related to the oubf-plane mode®f the brakedisc

(in the axial directionof the brake discand the bending modes of the brake gad
whereas the higfrequency squeal attributes to theplane modesf the brake dis¢in

the circumferential and radial directiortd the brake digc Because the brakgisc is

! Genuit: SouneéEngineering im Automobilbereich, 2010, p.90.
2 ¢f. Breuer und Bill: Brake technology handbook, 2008, p.410.
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much stiffer in the irplane direction than in the oof-plane direction the high-
frequency squeal happens in a higher frequency rdwagehelow frequencysqueaf®

Howling, groaning and mooing are also settited vibrations, resulting frothe vibra-

tions that are caused by thdynamic instability ofthe wheel brake systenThey are

characterized by one or more tonal comporfeitsmpared with hovirig, groaning and

mooing happein a lower frequency range and are relatgtth the stickslip phenonre-

nor™®’. Brake squeal, howling, groaning and mooing often occur during ligigh to

medi um braking shortly before standlstill whe
ly low. Therefore, they are very annoying for the driver and passengers.

Unlike the seHexcited brake noises, brake judder is featured as forceefréopency
vibration. It occurs during light to moderate (€010.5g) braking from higher speeds to
lower speeds anidl is normally perceived by the driver as vibrations at the driver-inte
face, such as the steering wheel oscillation, the brake pedal pulghtoseat and the
foot floor vibrations, or even the whole vehicle body vibragioB®metimes, it is also
accompanied by a lofrequency drone noiée Typical occurring conditions of the
brake induced noisesmd vibrationsare listed infable1-1.

Table1-1: Occurring conditionsind featuresf the brakeinducednoisesand vibration$

Vibration Type Speed Deceleration | Pressure | Temperature

High frequency squeal| < 10km/h light -medium | 5-30 bar up to 300°C

Low frequency squeal | < 10km/h light -medium | 5-30 bar up to 300°C

Howling < 10km/h light up to 10bar | -
Groaning, mooing < 15km/h light up to 10bar | -

Cold judder 160-80km/h | light -medium | 10-30bar | <200°C
Hot judder 160-80km/h | light -medium | 10-30bar | 200-800°C

Brake judderis mainly caused byhe Disc Thickness Variation (DTV) anthe dis® s
Lateral RurOut (LRO,in many literatures also calledaviness of the disor the Side

% Triches Jr et al.: Reduction of squeal noise, 2004, p.341.

4 Bittner: Reduzierung des Bremsrubbelns, 2006,6.5

® Abdelhamid and Bray: Braking systems creep groan noise, 2009, p.1.

® Jung and Chung: Research for brake creep gro@e with dynamometer, 2012, p.1.
"Woo et al.: Transfer path analysis of brake creep groan noise, 2014, p.1.

8 Kubota et al.: Mechnism causing higbpeed brakeudder, 1998, p.13337.

° Bittner: Reduzierung des Bremsrubbelns, 2006, p.3.



1.1 Brakeinduced noises and vibrations

face Run Out, SR According tothe different occurringreasons of DTV and LRO,
brake judder is traditionally divided into two categories: cold judder and hot judder.

DTV and LRO of cold judder are induced by productitoierances, mechanical wear
(cold washout) or the deviation of disaxle resulting from assembly, which mainly
happen in theff-brake statu$**.

DTV and LRO of hot judderare mainly caused by the thermal mechanical effeats i
wheel brakes during brakinghey arenormally combined with hot spots distributed in
the circumferential direction of disc surfatesThe temperature relating processes in
the discpadsinterfacedeadto temporarylocalized thermal expansidreversible LRO
and DTVas the resujton the one handind permanenthanges in the rafo-structure

of disc materialgknown as martensite formatibhresulting inirreversible LRO and
DTV) on the other handue tothe irregular material changes along disc sudarel
the dependencef the friction coefficient onthe contact pressure and especialithe
surface temperature, variation foiction coefficient (pvariation) on thedisc friction
rings may emerg¥, whichis anothereason of hot judder

Because fake judder is forced vibratiahat iscaused by DTV and LRO of brake discs,
it is normally characterized by order behavidree order of bake juddem is defined
as the integer number tie vibration excitations per disc rotatiort is calculated with
thed i sratdiienal speed divided bythe brakgudder induced vibration frequewnf:

_f
= (1.1)

As a result of the mechanism of cold washout, cold juduestly happens with lower
orders (typically -3 order) and thus occuis the lower frequency rangéiowever,
becausdghe number of hot spots is generally corresponding to the dominant order of hot
judder andhot judder igypically characterizedby high numberof hot spotshot judder
normally happens with higher orders and higher frequencies

Besidesunder high temperatusehe DTV and LRO oftcold judderwill be intensified

by the thermal expansion, as manifested by Meyer, displaydéigare 1-2. Thermal
increases othelower orders of cold judder are also sorted as hot judder phenomenon in
this work. Therefore, hot juddenight also happenin the lowerfrequency rangésee
Figurel-1).

9 Engel: Systemansatz zur bremserregter Lenkunruhe, 1998

! Hodges and Dlugosch: Methode zur BremEaftrubbeln, 2001

12 5arda: Wirkungskette von Hotspots und HeiRrubbeln, 2009

BKreitlow et al.: Vibrationi®s®d fhumo of disc brak

“De Vries, A. and Wagner, M.: The brake judder phenomenon, 1992, p.27.
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Figure1-2: The hermal increase dafold judder, the static thickness variation of cold judder is
intensified by the thermal effect during braking with 175to 50 km/h anda = - 0.3g"

1.2 Hot spot types

Hot spots ardirstly classified into different types by Anderson and Knapp in 1990
andthe thermographic illustrations (séegure 1-3) of the hot spotypes were given by

Pufrénoy et b according to the similar classificatioBenerally, ive different types of

thermalvariatiors on brake discs wedefinedas listed inTable1-2"":

1 Asperity results from discrete asperity contacts. Temperatures rise rapidly but
briefly on very small areas of the rubbing surface

1 Gradierts on hot bands correspond to small contact sites which appear along a
single rubbing path.

1 Hot bands appear as reduced contact friction areas of the pad in the radial dire
tion. It is seen on the disc as narrow rings of high temperatures in the direction
of sliding. They can move along the radial direction during braking, according to
the evolution of the bearing surface.

1 Macroscopic hot spots are large thermal gradients regularly distributed on the
disc surface This phenomenon reduces drastically thetact surface area with
high local temperatures.

1 Regional hot spots are low thermal gradients on the wdisésurface because
of inhomogeneous cooling. Such distributions appear at the end of braking due
to thermal diffusion.

15 Meyer: Brake judder excitation and transmission mechanism, 2005, p.7.
16 Anderson and Knapp: Hot spotting in automotive friction systems, 1990,i8320

" panier et al.: Hot spots in railway disc brakes, 2004, p.765.



1.3Thewhole process of hot judder

Table1-2: Classification of hot spot typ¥s

Width Temperature Duration
(mm) (°C)

Asperity (type 1) <1 1200 (peak) =1ms
Gradients on hot bands (type 2)  5-20 650-1000 0.5-10s
Hot bands (type 3) 5-50 800 =10s
Macroscopic hot spots (type 4) 40-110 1100 (peak) =10s
Regional hot spots (type 5) 80-200  20-300 =10s

@ 2)

Figure1-3: Thermographidlustrations ofthe fivehot spot type’s

The most damaging thermal gradieare the types 2, 3 and*4. The high-order hot
juddet which isthe objecbf this work is associatedavith thetype 2 and 4

1.3 The whole process of hot judder

Hot judder in passenger cars can be divided into four aep@hases: cause, effect,
transfer, and driver interfacas shown irFigure 1-4. During braking DTV and LRO
firstly cause varigon of the axial clamping forceand bythis fluctuation ofcircumfer-
ential friction force betweedisc andpadsis generatedvariations of the axial clamping
force and the circumferential friction force further lead to BPV and BTV separately
However, theu-variaion can only contribute to thiuctuation of the circumferential
friction force and thus only influences BTV. Generdlg generatiorand development

of DTV, LRO and pvariation areconsidered athe causes of hot judder, whereBBV

and BTV are regardeakstheir effects in wheel brakes.

Via variousvehicle systems, BTV and BPV are transmitted to the driver interfage afte
wards andhey areperceived by the driver as interferencése pocesses in the third
frame ofFigure 1-4 presenthte three transfer paths of Hatdder. BPV is mainly trast
mitted by the hydraulic braking system. It is firstly transmitted to the master cylinder
via the hydraulic camection of brake fluid in the brake lines and finally transmitted to
the brake pedal through the mechanical components in betwhenransmission of

'8 Dufrénoy and Brunel: Thermal localizations in friction brakes, 2008



1 Introduction

BTV on the one hand causes brake force varatt the tire/road interface, leaditg
longitudinal vibation of the knuckledue tothe force balance betwedme brake force
andthe hub force in thev e h i lorgitudiral direction on the other hand, it directly
causes knuckle vibrations via the brake caliper (for fixed calipers) or the brake caliper
bracket (for fist calipers). Thereafteibrationsof theknuckle are respectively trangmi

ted to the car body through the isygy, damper and various links diie suspesion s\s-

tem, ando the steering tveel via the steering system. Moreq\uke brake pedal pués

tion and steering wheel oscillatia@an also be influenced ltlge car body vibrations.

In the case of higlorder hot juddedow-frequency dron@oises normallyccurat the

disc/pad interfaces due to the variation of brake pow&ometimesthe vibrations of

somevehicleinterior componentgespecially theesonance of thdashboard) can also
be excited by the highrder hofudder which radiatesomenoises as welf.

Cause Transfer paths Driver interface
Effect P
Brake line Master Brake booster
VEm 4 - i
” (hydro. connection) cylinder (Mech. Connection) i Fedal pulsation

A
1

Spring , damper 4 Car body
\ linkages vibration and noise
-E :
4 Steering wheel
St t -+»

Figurel-4: Causes, effect, transfer pathad driver interface of brake judder

P I—

The vibrations and noises caused by hot judd
subjective feeling of comfort and safety. Besides, in some critical conditions hot judder

can also lead to disc crack duethe high temperature gradients und the fation of

martensité’. These vibrations and noises as well as the disc crack are the main reasons

for customer complaints about hot judder.

1.4 Motivation

In the last decades, a lot of hot judder tbstge beercarried outby different authorsA
statistic of23 testsfound in the literature isummarized irfable A-1 of AppendixA,
including thenumber of hot spots, thiestequipmentthe main testesign and et al

YKreitlow et al.: Vibratipida3dland fAhumo of disc brakes,

%0 Anderson and Knapp: Hot spotting in automotive friction systems, 1990,i3382
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Figure1-5: The numbenbf hotspotstestified by different authors in the literature

%I Fieldhouse and Beveridge: An experimental investigation of hot judder, 2004, p.3

22 Bryant et al.: Thermal brake judder investigations, 2008,5.3

23 Grochowicz: Bremsdruckund Bremsmomentschwankungen, 1995, p6a0

*Inoue: Brake judder caused by thermal deformation, 1986, {2265

%5 pPanier et al.: Hot spots in railway disc brakes, 2004, p.765.

%5 Kim et al.: Pressure change and variation of vibration due to hot spot, 2007, p.3.

" Kao and Richmond: Brake disc hot spotting and thermal judder, 2000, p.294.

28 Bryant et al.: Discussion of characteristics of brake judder, 2006, p.2.

29 Cho: Thermeelastic behavior of automotive disk brake, 2008, 830

% Lee and Dinwiddie: Conditions of frictional contact in disk brakes, 1998, p.2.

%1 Kasem et al.: Relationships between surface thermal gradientisardistortion, 2012, p.17377.
%2Ruan et al.: Bench test of frictiénduced hot spots, 2015, p.3R314.

% Okamura: Deformation of brake discs, 2015, piZ3®.

3 Little etal.: A dynamometer investigation of thermal judder, 1998,i{885

% Kubota et al.: Mechanism causing higbeed brake judder, 1998, p.133.

%Yj et al.: TElin automotive disc brakes, 2002, p.14.

3"Honneret al.: Frictionally excited TEAnd suppression of its exponential rise, 2010, p.436.

¥ Litos et al.: A measuring system for research on thermomechanical coupling, 2008| p2EB54
¥Kreitlow et al.: Vibration and Ahumo of disc brak
“0 Steffen: Hotspotbildung bei PkBremsscheiben, 908, p.17.

“! Fischer et al.: Ordnungsanalyse von HeiRRrubbeln, 2015; p511

42 3arda: Wirkungskette von Hotspots und HeiRrubbeln, 2009; pr54

3 Lee and Brooks: Hot spotting in aluminum drum brakes, 2003j $%5



1 Introduction

The number of hot spots v@riousin different brakes and sometimes also varies under
different braking conditior’, or even changes during oheaking applicatiofr. Figure
1-5 shows the maxinm numbers of hot spots found in the 23 tests

Because high number (> 5, typically around 10) of dpmits wagdetectedoy most of

the authorsthe generation and development mechanisms of the high dominant order
have been almost the exclusive focus for the hot judder reseatdbersver, onside-

ing a typical occurringscenariofor brake judder leavingthe Geman Autobahnby
decelerating fron180to 80 km/h,the vibrations excited byhe cold judder with 'to

4™ ordess are approximateljrom 100 to 10 Hz*®, while the vibrationscausedby the
high-order hot judder with 0to 20" order are between 500 an@iGHz. According to
Zeller (Figure1-6)*’, low-frequency oscillations up to ca. 50 Hz are normally perceived
as vibrations, while higifrequency oscillations from 100 Hz to ca. 1000 Hz only play a
role if airborne soundareexcited. In the transition zone from 20 to 100 Hz, the @scill
tions are normally both audible and palpable, which is called harshness

Haptic Transition Audiblestructure- Audible air-
vibration zone borne noise borne noise
o T :
—
g3
p=
Q
':‘-1 \O ““““““““““““““““““““““““““““““““““““““““““
g s
(=5
g
= e B Y e e
)
e
=
5}
N R o L Ea
=
1 10 100 1000 10000

Frequency in Hz

Figure1-6: Vibro-acoustic perception rantje

On the one handhe transferbehaviorsandthe influences of the vibrations caused by
cold judder that happen in theansitionzone have beealreadywell investigated by
means of testing ansimulationin the last decade®©n the other handthe transfer
behaviorsand thempactsof the highorder hot juddethat occursn a higher frequency
range still remain totallynclarified Specifically,it is still not well known whether the
vibrations and noisesaused byhe high-order hot judder can be transferred to aed

“4 Fischer et al.: Ordnungsanalyse von HeiRrubbeln, 2015 1612
“>Ruan et al.: Bench test of frictiénduced hot spots, 2015, p.314.
46 ¢f. Meyer: Brake judder excitationand transmission mechanism, 2005, p.1.

47 Zeller et al.: Handbuch Fahrzeugakustik, 2012, p.22.



1.4 Motivation

pereived by the driveat all, or under which conditionand in which formcan the

high-order hot judder bgerceivableto the driver and thg@passengerand thus lead to

customer complain Therefore the ultimate objective of this work is to investigate the

transfer behaviors of the higirder judder and the influences of the hagher judder

i nduced vibrations and noises on the dri ve

Furthemore because the inspection and prevention of hot juddee been chiefly the
tasksin the development phase of friction system, when the complete vehicle test is not
possible or practic#l, and plus the difficulties of applying some sensors (e.g. displac
ment sensors and thermal camem)wvell as theontrolling ofthe braking conditims in
vehicle tes, hot judder testhave beemostly caried out at brake dynamometersil®

a few vehicle testhave beemxecutedn the last decaddg.g.only four of the 23 tests

in Table A-1). Moreover,currentlythereis still no unified test equipmenor test pro-
gram (see the test design ifable A-1) for hot judder detectianRegarding the test
apparatus, both vehictestand dynamometer test dreingused andhe type of veh-

cle test and dynamorter testarealso various The possild test types of hot judder as
well as their main features askown inTable1-3.

Vehicle test can be carried oo test tracks or witibhassis dymaometes. Comparing

with the vehicle road testhassis dynamometer test has the advantage that the brake
pressurecanbe precisely controlledut it has the disadvantage that the braking system

of the vehicle needs to be modified by conneciingith the control system of the
dynamometer. Besides, the movement of the vehicle is also constrained during chassis
dynamometer tests, thus chassis dynamometer test is not appropriate for investigating
the whole car body vibratioraused by hot judder

Table1-3: Varioustesttypesof hot judder*

Equipment types Feature

trying to keepa constant pedal position by the driye
influenced by otheroadexcitations

chassis dyno | brake pressure contrby the dyno; changddyout
test of brakingsystem; constrained vehicle movements

road test
Vehicle test

vehicle weighis simulated with inertia mass; stop
braking applicatios arepossible

no inertia masthusdeceleration is not possible
only acceleration andrag brakingarepossible

inertia dyno

Dyno test
simple dyno

“8 Anderson and Knapp: Hot spotting in automotive friction systems, 1990, p.336.

49 ¢f. The test equipments used by the authoFgore1-5.



1 Introduction

In the dynamometer testtypically only the wheel brake, the knuckle, the hub dred t

hub axis are mounted, bsbmetimes the ¥4 car suspension assembly isapistied.
Normally the brake dynamometer has inertia masseslaimgy the vehicle weight,
which makes the stop braking application possible. Howeveplsidynamometers that

are without inertia masses were also used by some attiéPé°. At such dynamome:

ters, only drag braking applications with constant rotational speed or tests with varying
velocity by acceleration instead of deceleration are possible.

With respect tdhe test progranthe vehicle road tess normallyexecutedoy exper
enced drivers, trying to keep the brake pedal at a constant position with the help of real
time display ofthe brake pressure dhe decelerationAs for the test procedura both
chassis dynamometer and brakgmamometerdrag braking ad stop braking apple:
tions are normally carried owith different control strafgies as summarized ifable
1-4. For example, drag braking can beseuted witha constant rotational speed aad
constant brake pressure, starting and finishing with defined initthfinal disc tempe
atures stop braking can be carried out by accelerating to an aimed initial velbeity
braking with this velocityd a defined initial disc temperature, and tlistelerating
with a constant deceleration to a wanted final velody.seen fromTable A-1, the
control parameter as well as the rotational sg@gtlal speed adoptedby differert
authors show great discrepancies

Tablel-4: The typical test programof hot judder

Braking types | Control parameter Variable parameter Trigger signal

pressure (530 bar), rotational speednitial initial and final disc

Drag brakin .
9 g torque disc temperature temperature

deceleration(0.10.5 I , i initial disc temperare,
initial and final velodies,

i resure (5- 30 bar),| . .. . inertial and final veloe
Stop braking | 9), p ( ) initial disc temperature .
torque ties

Up to nowthere is no direct comparison among different types, especially between
dynamometer test and vehicle test. Whether hot judder behaves similarly or totally
differently in different testypes or under different tesbnditionshasalsobeennot well
known In order to investigate the transfer behaviorghetigh-orderhotjudder and its
influences on the drivethe incidence of the higbrder tot judder in the vehicle tests
andthe transferabilityof hot judder testfrom the brakedynamometer tohe realveh-

cle needo be clarifiedas well

10



2 State of the art

State of the art regarding the overall process of-bigler hot judder: the mechanisms,
the transfer behaviors, as well e human responses to the vibrations and noises
caused by the higbrder judder, are introducead sequencen this chapter.

2.1 Mechanisms of high-order hot judder

The emerging mechanism of higihder hot judder is not unique. Various theories are
raised by different researchers, explainingoccurrence and evolution mechangsm

2.1.1 Cause and effect chain found by Sarda

Sarda preided a general cause and effect chafrthe high-order hot judderasillus-
trated inFigure 2-1. Hot judder occurs during light to moderate braking from higher
speedgo lower speedsOn the one handhé heatgenerated at thdisc surfaces are
transferred intahedisc inside. Due to the presence of cooling chanttfedemperature
gradient inthe disd® sxial directionis establishedAs a result the brake disc cannot
expand uniformly, thehemal stress is formed aralwaved deformation of the disc is
generated The wavelike disc leads to amhomogeneous brake pressure distribution
betweenthe disc and pads, which further causes inhomogeneous temperatureudistrib
tion in the circumferential directionln return, he inhomogeneous temperature distrib
tion intensifies the disc waviness and thihe dynamic LRO isformed Becausehe
trougls and cress of the wavinesare not unform in the dis@ sircumferential dire-

tion, the thermallocalizations near theress are also not homogenous, by whibie
dynamic DTV is inducedHot spots are the results of the thermal localizations around
thecrestsi P nami co LRO or DTV means that this I
the disc cools down aftéine braking application.

On the other handiue to the hot spots and inhomogeneous pressure distributiof, unba
anced thermemechanicalstress is brought aboutUnder this unbalanced thermo
mechanical stres& metallurgicaltransformation of disc materiagsound the hot spots
would happenknown as martensite formatioklartensiteoccupies a greater volume
than the parent mdf and therefore causes static LRO/DTRhe microstructural
transformation is not reversible and speckiemain visibleon the disc surfacegven

*¥Day et al.: Thermal effects and pressure distributions, 19912003
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2 State of the art

when the disc cools dowfseeFigure 2-2). Due to the material changesn the disc
surface and the dependencé thefriction coefficienton the contact pressure and esp
cially on the surface temperatdtevariation offriction codficient (p-variation) on the
friction rings of the brake disanay emerge. In disc brakes, the dynamic and static LRO/
DTV combined with the gvariation lead to BTV and BPV afterwards.

Light to moderate braking Brake disc waviness Inhomogeneous disc temperature

from high speed (thermal expansion) distribution (hot spots)

4— ¢
Dynamic Unbalanced thermo-
DTV/LRO mechanical stress
BTV/BPV ’
Static DTV/LRO Micro-structural transformation
& W variation (martensite formation)

Figure2-1: Cause and effect chain of hot judder based on Sath4>°

Figure2-2: Onebake di sc wi t h doldstatus’s pot so under

This theorybasically explainedhe occurring process ofhot judder, butthe specific
number of hot spotgeneratedinderdefined testonditionswasnot clarified.

21.2 TEI

Thermaoelastic Instability TEI) is a theory used bthe most hot judder researches,
trying todeterminghe occurring condition&ritical speedpf hot judder and the spéci

Kreitlow et al.: Vibration and fAhumo of disc brakes,
%2 ¢f. Sarda: Wirkungskette von Hotspots und HeiRBrubbeln, 2009; §776

%3 ¢f. Sarda et al.: Wirkungskette der Entstehung von Hotspots, 200820.13

% cf. Sardé et al.: Investigation of hot spots and thermal judder, 2069, p.5

%5 ¢f. Fischer et al.: Effects of different friction materials on hot judder, 20182p.1

* Sarda et al.: Inveigiation of hot spots and thermal judder, 2008, p.4.
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2.1 Mechanism®f highorder hot judder

ic number of hot spet The instability, which results from the interaction of frictional
heat generation, therrslastic distortion and elastic contact, is known as TE1°

The basic mathematical function of TEl the coupling between the mechanical and
thermal problem by the energy balance rel&fion

a(x y, ) =mvp(x y ) (2.1)
wherex andy are the coordinate positiam the contact surfacey(x, y, t)is the frictim-
al heat distributionp(x, y, t)is the contact pressure distribution, anid the sliding

speed of disc. For this equation, there is generally a ¢réjpesedy, ®1 above which

ritcial
nontuniform perturbations in the temperature will grow, leading to a chaistate
pattern of hot spots drot bands on the brake dfécFor the continuous contact with
plane strain, the critical speed of@nductive surface sliding against a rigid noncandu
tive surface is linearly proportional to the wave nuntbper 2° of length €omparable
with the judder ordef¥°*

_2kh(1- n

critical — 2.2
o = @2

wherek is the thermal conductivittti s t he Youmwig®st medBbussonod
c is the coefficient of thermal expansion.

Considering the basic geometries of brake ponents, two methods aegppliedto

determine the dominant or derand@fr adshaldility j udde
chart methodin Yi 6s met hod, the temperature filed
system ¢,/ , z) is expressebly the fornf®

T(r/j,z)=R¢& Qrj 3 & (2.3)

where Q is the nodal temperatures abds a complex exponential gith rate. Ifthis
form is substituted into the various governing equations and boundary conditions of the
feedback process of TEI, the FEM probleembe transformed into a linear eigenvalue

*"Lee and Barber: Frictionally excitdtE| in automotive disk brakes, 1993, p.607.
%8 Barber: Influence of thermal expansion on the friction and wear, 1967, p.157.
%9 Barber:TEl in the sliding & conforming solids, 1969, p.385.;

0Yj et al.: TEl in automotive disc brakes, 2002, p.188.

®. Dow and Burton: TEI of sliding contact in the absence of wear, 1972,i8385
®2Yj et al.: TEl in automotive disc brakes, 2002, p.188.

% Burton et al.: Thermoelastic instabjlin a seallike configuration, 1973, p.17188.
®4Yj et al.: FEA of TEI in intermittent sliding entact, 2014, p.872.

5 Yi et al.: TEI in automotive disc brakes, 2002, p.190.
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2 State of the art

problemof b. And b can be calculated for each given judder ofdeiThe order that
leads to an eigenvaluewith positive real part is thetonsideredcasthe dominant order,
becausany slightly perturbed initial condition could result in great temperaturerpertu
bations inceasing in exponentifbrm®®.

INnGraf 6s met hod, t eachgivenrhot spotcnanibghet gpotenthgr f o r
tude inthe circumferential diection)andfor each giverwavelength intheradial dires-

tion (hot spot magnitude itheradial direction)are calculated, whichieldsthe stability
chart,asshown inFigure2-3. The dominant thermal modes on the disc susfémrehot

band and hot sparethought to be the orders that have logwhimal critical sliding
velocities and the magnitudes of hot bands and hot spots (in sine forrtis riadial
direction are determined by the wavelength under which the minimal critical sliding
velocities are reach&Y For example, iffigure2-3, the daninant ordeiof hot spots was
thought to be the"8order and the critical sliding speed for both hot band and hot spots
are approximately 9.1 m/s, which corresponds to a vehicle velocity of 98 km/h.

Hot Bands:
Hot Spots:

=0, 2z/b_=0048 m, v__. =91 n/s
z crit;HB
=6, 2 n/bz =0072 m, v =91 m/s

n
L crit,HS

Hot Spots

(m/s)

crit

Critical sliding velocity v
- -
o © o N
8/ /%
X
1 1
pury pry
- )

. < o1
/ﬁ g 000
17\ b il 005
N . 0.04 6
0o 0.03
0.02 Wavelength in radial direction 2n /bZ (m)

Figure2-3: Stability chart of Graf

However, according to Barber, there could be more orders with critical ssihextcare
under the possible sliding speaddarewith exponential growth rasgpossessingos-

% Graf and Ostermeyer: Efficient computation of hot bands and hot spots, 2013
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2.1 Mechanism®f highorder hot judder

tive real par. In this caseijt is assumedhat the mode with the higheskponential
growth rates expected to dominate the transient protess

In the light of TEI, parameter study is possibeth respect to the critical sliding veliec
ty©869707L72 However, TEI is notvalid for all thehot judder phenomena, e.g. it svaot
validated intheSardé® s T.est s

21.3 PWD

Panier et k gives an explanatiofor the formation mechanism dlfie hot judderthat
mainly possessesix hot spadin railway brakes. It s named as fAProgres
Di st or t i andthree(stepa/Bre defined for time judderevolution'

Step 1: two-wave disc bending

1 Consideringthat the brakedisc is asymmetrically fixed on the hub, the thermal
loading from the frictional contact betwe#re disc andits pads is also asy-
metic. Thereforeradial and angular moments are induced and the disc bends
with a warped deformation of two troughs aibes as shownn Figure2-4.

%
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Figure2-4: Step 1 of PWD

®" Barber: Fritionally Excited TEI, Internetaurce, accessed at 15 April.2016.

% | ee and Barber: Frictionally excit&El in automotie disk brakes, 1993, p.6il&14.
% Graf and Ostermyr: Efficient computation of hot bands and hot spots, 20189p.6
" Hartock and Fash: Effect of pad/caliper stiffnessldi, 2000, p.512517.

" Hartsock et al.: Parametric analyse§ & in disc brakes, 1999, p.52424.

"2Kao et al.: Predictive techniques to stuki of brakes, 1994

3 sarda: Wirkungskette von Hotspots und HeiRrubbeln, 2009; 491

" Panier et al.: Progressive waviness distortion, 2004} p&2

15
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Step 2: transition from two waves to a higher number of waves and
warpage

1 If the thermal loading is high enough, plastic flow occurs and distortions become
stationary on the disc. The disctieen submitted to two skeasymmetric the
mal gradients per side. Under this loading, the distortion of the dise gixe
troughs and ridgeleading to six hot spots. This whaieocess is illustrated in
Figure2-5.
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Figure2-5: Step 2 of PWIF

Step 3: hot spot stabilization

1 With the thermal loading on the six hot spots, plastic yielding occurs on the
troughs leading to stationary hot spot.

PWD approach shows that the formation of hot spots strongly depends on plastic yield
of the disc materialandthe number of hot spots greatly influenced by the contact
conditions betweethe disc andthe pads, which is mainly decided by the pad structure
and materials (e.g. stiffness and length of fad)ccording to the theory of PWD, hot
spots are always at the same positions irfatlewing brakingapplicationé®. However,

this theory waslsonot validatedin the testof Sardaby usingpassenger car brakes

which positions of hot spots alterndia the subsequent brakimgplicatiori,

2.1.4 Hot judder caused by resonance frequency

Dynamometetest result®f Fischer show that hot judder frequensyglosely combined
with a resonance frequenoy the wheel brakeThe numbeiof hot spotqor hot judder

S Panier et al.: Progressive waviness distortion, 2004, p.53.
® Panier et al.: Progressive waviness distortion, 2004, p.54.
" Panier et al.: Hospots in railway disc brakes, 20047¢9-771.

8 panier et al.: Hot spots in railway disc brakes, 2004, p.767.
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2.1 Mechanism®f highorder hot judder

order)varies with changingotational speed ahe brake disc, while thenduced viba-
tion frequency keeps relatively constant (Begire2-6).

. 175km/h — 200 Nm o _200km/h — 200Nm = 225km/h—200Nm
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Figure2-6: Variation of hot spots with changing velocities for three drag braking applic&tions

2.1.5 Hotjudder caused by cooling vent

It is testifiedby Bryant et althat thecoolingventof the brake discancause circumfe
ential temperature gradients and thus leads to-diidar hot judderFigure2-7 shows

that thevent profileis influencing theemperature distribution on thigsc surfacewith

a recorded temperature variation of 16.2%@ the number of peaks in the temperature
profile correlates exactly with the number of disc Vs Besides, according to the
simulation esult of Tanff, the vent pattern has also strong influence on the distribution
and intensity of hot spots.

Temperature profile around disc surface at a radius of 187 mm
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Figure2-7: Temperature profilatthe disc surfaceorrelates with the number of hot sgbts

" Fischer et al.: Ordnungsanalyse von HeiRrubbeln, 2015, p.15.
8 Bryant et al.: Thermal brakedder investigations, 2008, [ 6.
81 Bryant et al.: Thermelastic and thermplastic effects, 2011, p.69.

8 Tang et al.: A 3D FBimulation of hot spotting, 2016
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Furthermorejt is manfested by Tang that for the twmece ventilatedrake discs, the
mounting pins can also give rise to hot spots and tbhukidead to the higlorder hot
judder. His simulation result demonstrated that at the end of the braking tev&t §),

17 hot spots were clearly developed which correlate with the number and position of the
mounting pins, as displayedin Figure 2-8. In addition, it is further suggested by his
simulation thathe elastic modulus and the heat capacity of the pins have evident infl
ences orthe intensity of hot spdts

Figure2-8: Simulation result of Tang withto pieceventilated brake di§¢

2.1.6 Influential factors of hot judder occurrence

In spite ofthetheoriesintroduced abovghere are still no universallgpplicabledesign
rulesfor hot judder prevention. divadaysthe mostefficient way toreducehot judder
occurrences still the parametesensitivity analysidor specific brakesoy means of
testing and simuteon. Table2-1 lists some already testified influential facs, categ-

rized by thehree mairwheelbrake componentshedisg the pad andthecaliper.

Although the effect of certain parametde.g. thecompressibility of brake padoin-

cides among different authors, it also might vary for some other parameters. Fer exa
ple, according to Kubota and Panier, shorter pad length will lead to higher number of
hot spots; however, there is 3pecifc correlation between pad length and hot spot
number in the tests of Sarda. With respect to the influential parameters from the brake
caliper (the stiffness of caliper and hydraulic system), the conclusions were drawn by
simulations with constargiven DTV values The results are only the mechanical ¢ran
formations from DTV to BTV via the caliper. The influences of the caliper charscteri
tics on hot judder propensityhgé occurrence of hot spots tine thermalincrease of

DTV) were not verified.
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2.1 Mechanism®f highorder hot judder

Table2-1: Influential factors of brake components on hot judder

thermal conductivity| higher thermal conductivity lower hot judder intensif§
diameter larger dis@ higher hot spots numiFér
thickness thicker disc#, lower hot judder intensif§
. hot judder is more likely to happen for aluminum discs tr
material . . &
Oise grey iron disc¥
. _ lower connection stiffneds higher hot judder intensity
connection disc/cup o . . 5
optimizedconnecting form greatly reduchst juddef
coning higher coning, higher thermal BTY
vent and pin the rumber of vent and pin correlateith the number of
P hot spot&8+82
coefficient of friction| lower pA lower hot judder propensfty
elasticmodulus lower elastic modulug, lower hot judder propensity
thermal conductivity| higher thermal conductivity, lower hot judder propensity
compressibility morecompressiblg lower hot judder propensit§®*®
S damping higher damping lower hot judder intensity
shorterpadsA lower hot judder propensfyf”*
length shorter padg, higher hot spot nummb&r*
pad length has no correlation with hot spot nuffiber
thickness thicker pad#y lower hot judder intensif§
cal caliper stiffness stiffer calipe”, higher hot judder intensit§
aliper
P hydraulic stiffness | stiffer hydraulic systery higher hot judder intensity

8 Kubota et al.: Mechanism causing higbeed brake judder, 1998, p.1387.

8 Steffen: Hotspotbildung bei PkBremsscheiben, 1998, pilZ5.

% Inoue: Brake judder caused by thermal deformation, 1986, p.219.

8 Cho et al.: Pad properties and disc coning on high speed judder, 208, p.2

8" Lee and Dinwiddie: Conditions of frictional c@at in disk brakes, 1998, [i.B1.

8 Little et al.: A dynamometer investigation of thermal judder, 1998, 883

8 sarda: Wirkungskette von Hotspots und HeiRrubbeln, 2009; p671
 Fischer et al.: Ordnungsanalyse von HeiRrubbeln, 2015, p.18.

L Panier et al.: Hot spots in railway disc brakes, 2004, p77D

92 Augsburg et al.: Umtrsuchungen zum Rubbelverhalten, p.29.

% Herkenrath: Bremsmomentenschwankungen, 2005
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2 Stae of the art

Besides, as pointed out by Schlecht, in many circumstatioeseduction of brake
judder bymodifying some certain parameters could bring negative influenteghe
brake performancehe brakingresponse characteristjche volume consumptionthe
brake pedal feelingandet al)®*. For each wheel brake system, @ptimal compromise
betweenthe mitigation of the brakenduced NVH prokems and the fundamental kra
ing performanceaneeds to be ascertained

2.2 Transfer behaviors of brake judder

Up to now the transfer behavioref hot juddey especiallythe high-order hotjudder,
havebeenstill not investigated. Howevgea lot ofresearchs aboutthe transfer beha
iors of cold juddehave been carried oby mears of vehicle testandbr simuldions.

2.2.1 Vehicle tests by Engel

Engel investigatedthe transfer behaviofom the BTV caused bythe 1 order cold
judderandthetire imbalancdorceto the steering wheelFour lower middleclass veh
cles and two upper middidass vehiclesll possessingMacPhersorfront axle were
tested throughvehicle road testsFigure 2-9 showsthe test setup and the measured
guantitiesused in his investigation

Steering wheel vibratior
= in three directions

Vibrations at steerin
Knuckle, tie rod and

Adapter ™
wishbone

O
| NN
(] _/
-

N
Brake pressur
Brake torque
Friction ring temperature Rotational speed
Disc surface geometry

Brake disc

Figure2-9: The st setup anthe measued quantitiesusedby Engef®

The transfer behaviors were studied by defined Global Transfer Functions (GTF) and
Local Transfer Functions (LTF). GTF is tiggobal transfer of cold judder and the tire
imbalance force from the wheel brake to the steering whé&Elis the expression of the
concretetransfer behaviors of the components in the transfer paths. Three LTFs were

% Schlecht: Minimierung der Schwingungsempfindlichkeit, 2012, p.27.

% Engel: Systemansatz zur bremserregter Lenkunruhe, 1998, p.31.
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2.2 Transferbehaviors of brake judder

used by Engel: the tire imbalanceded the vibration of steering knucklg the viba-
tion ofthe tie rody the circumferential steering wheel vibratich.

The transfer behavioidiffered greatly amonghe six vehicles under test, although they
have similar wheel sspensions and steering syste Following mitigation strategies
wereraisedasmain conclusionf the investigatiof(:

1 Avoiding the superimposition of the resonance frequency of one subsystem with
that of the whole systenfor example,tis could be realized by modifyirthe
stiffness andhe damping ofthe suspensiorsystemor by changingthe rotating
stiffness ofthe steering column anttheinertia moment othe steering wheel.

1 Reducing thalisturbinglever armby setting the oscillating axis dhe suspea-
sionas near s1possibldo the articulation point athetie rod.

2.2.2 MBS models

Bitter: integrated optimization of the chassis mounts

Bitter exploredthe transfer behaviorand the reduction method®y optimizing the
chassignouns with the help of MBSmodek. Two whole vehiclemodek wereutilized:
an Audi A6 (Figure2-10 (a)) with 4link front suspension and an Audi A2 wilac-
Phersorfront suspensianTheywereboth built with ADAMS/ Car. Thesemodek were
directly provided by AudiAG and had alreadybeenvalidated regardinghe driving
dynamice. By comparmg the simulating resultwith the vehicle testesults with an Audi
A6 2.5 V6 TDI Figure2-10 (b)), it wastestifiedthat the model thawasvalid for the
driving dynamicsalsoappliedfor the brakejudderissue®

(@) B (b)

e -,-,
,

teeAringwheeI

A " oscillation
O Ppt. = “—Vibrations at
e A seat track
& \\‘\"’ Brake pedal pulsatio

Disc surface geometr

Brake pressure

Figure2-10: (a) The smulation model and (khetest vehicle used by Bitt&r

% Engel: Systemansatzr bremserregter Lenkunruhe, 1998, jp 5.
" Engel: Systemansatz zur bremserregter Lenkunruhe, 19987.64

% Bittner: Reduzierung des Bremsrubbelns, 2006,if642
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2 State of the art

The transfer behaviors of cold judder from the wheel brake to the car body and the
steering wheel were investigatdebllowing results were obtaed bythe simulatiors
with the twowholevehiclemodels*®:

1 The longitudinaldirection is the dominant transfer direction. The vibraidn
the car bodyn X direction is much higher than thatYmandZ directions

1 Oneside excitatiorfmuch strongejudde at one of the front brakes) the main
reasm for thevehicletransverse vibratioandthe steering wheel osiéation.

1 Vertical car bodyvibration also owes to the longitudinabvation, becauséé
vibration inthe X direction will causehe axle load shifting, which further leads
to the vibration irthe Z direction.

Regarding thérake judder reduction measuréiee conclusions weras follows®®

1 The brake judderinduced vibration isnot transmitted through onkvorable
dominantpath;all the paths in the chassis share the transmisiemceit is not
possible to break the transmission dnly optimizing ore single component in
the transfer paths.

1 An optimal robust chassis agaifsakejuddercanonly beachieved with an @
timal combindion of all the chassis mountsyBhis way little changes in the
stiffness and damping dhe chassis mountsould alreadymake a remarkable
improvement.

Zhang: confirming the transfer paths and optimizing the chassis mounts

Zhang et al. confirmed the transfer path of brake judder from the wheel brake to the
steering wheel: the wheel brake the suspensidy the tie rodA the steering wheel,

by usingTransfer Path Analysis (TPA)ased orihe vehicle road test results and siaaul

tion resultswith a whole vehicle MBS mod®f. The objective vehicle is configured

with MacPherson front suspension, twist beam rear suspension aruimacksteering
system. By the determined transfer functions (Sgere 2-11), the important role that
theresonance frequency plays in the course of brake judder transmission was revealed.
It was manifested by simulah that the stiffness of the chassis mounts (the @ie b
tween the lower control arm and the dtdme,andthe one between the sfitame and

the vehicle body) had great influence on the amplitude of the resonance fré§tiency

% Bittner: Reduzierung des Bremsrubbelns, 20063.p.7
190 Bjttner: Reduzierung des Bremshelns, 2006, p.92,124.
191 7hang et al.: Transfer path of steering wheel wobbling, 2006

192 7hang et al.: Brake judder induced steering wheel vibrafio@7, p.144147.
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2.2 Transferbehaviors of brake judder
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Figure2-11: The transfer functions of brake juddierthesteering systeffi*

Schlecht: optimization of the axle kinematics

By using a MBS whole vehicle mod8&kchlecht optimized the kinematics (including the
toe ande, the cambeangle the kingpin inclinatiorangle the casteangle the trail, the
king pin offset, the steeringrm, thelevel armof braking force, the braking pport
angle, the suspension obligargle and the longitudinal stiffness of the aXf of the
front axle of an Audi A4 regarding the' brder cold judder and the imbalanced tire.
This car was configured with-link front axle andHydraulic Power SteeringHPS).
The model was validated lgomparing the simulation resuligith the test data from
corresponding vehicle test carried out at the chassis dynamometer.

Besides the optimization of axle kinematics, the characteristics of the elastomeric
mounts for bassis support was also modified, which presented an obvious redafction
vehicle vibration sensitivitie® both the brake judder and the imbalanced tire t8tce

193 5chlecht: Minimierung der Schwingungsempfindlichkeit, 2012, 881
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2 State of the art

Sim: sensitivity analysis of selected parameters

Sim studied the optimization method of brake juddensferfrom the wheel brake to

the steering wheel by using a whole vehicle MBS model. This model was built with
MacPherson front suspsion, coupled torsion beam rear suspensiwh rackpinion
steering systemt was validated by comparing the vibrations at the tie rod, the rack
housing, and the steering whedltained bysimulation and test. Resonance frequencies
of the tie rod (15 Hz)the rack housing (2 Hz), and the steering wheel (15 and 40 Hz)
were determined by both simulation and.t€®urof the six selected design variables
(the stiffness of the Aush, the MTGoush, the @ush,and the damper characteristics;
the positions of the bushes, degure2-12) weredeterminedo be the most influential
parameters through sensitiwitinalysis with the objective function of steering wheel
vibration. By virtual DOE of the four parametethe optimal valies were identified,
andthe RMS value of steering wheel vibration was reduced by 6.6% with the optimized
parameter$®*

Spring (DV5)

Damper (DV6)

Rack-housing MTG

bush(DV3) .
/ A-bush (DV4) i

l G-bush (DV1.DV2)

Figure2-12: Locations of the bushings thefront suspensiofi*

Yu: reducing the mode coupling effect by virtual DOE

A MBS modelcomposedf the front chassis systemof a SUVwith MacPherson |4
pension andack-pinion HPS steering systemasbuilt by Yu et al, and theoptimiza-
tion measure®f the front chassis desigwere exploredregardingthe transmissiorof
thetire imbalancdorce andthe brake juddeto the steering wheelThe steering system
model was confirmed by bench t#3t%and the whole front chassis assembly model
was validated by a spediabesigned laboratorest?’.

1% Sim et al.: Vibration path analysis and optimal design, 2013, PS8y
1%yu: Analysis of automotive HPS, 2004
1% yy et al.: Modeling and factor analysis of HPS, 2004

197yy et al.: Chassis transmissibility: modeling and validation, 2007
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2.2 Transferbehaviors of brake judder

The coupling of two vibration modes was detected to be decisive for the transfer in the
frequency rangbelow 20 Hz:one is the suspension feaét mode Figure2-13(a)) and

the other is the rotational mode of the steering whigigiute 2-13 (b)) *°®. The mode
coupling mechanism is illustrated Fiigure2-13 (c).
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Figure2-13: (a) The outof-phasdore-aft modeof the suspension(b) the rotational modef
the steering wheelc) the node coupling effect®

In order to reduce the transmission, virtual DOE was conducted with two defined obje
tives: the maximum amplitude tie steering wheel vibration and the frequency for this
maximum vibration As results, the main influential factors were ranked and the relative
importance of the factors was determinEdy(re 2-14). The ranking of the faot were
similar for both tire imbalance and brake judder because of the similarity of their tran
fer paths. The DOE results were validated by corresponding vehicle road tests followed.

. T . . . . 108
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Figure2-14: Ranking of the influential factors for reducing the transfdirefimbalance and
brake judder (factor specification changes frd®% to 10% around nominal settirt®)

1% yy et al.: Chassis transmissibilityiechanism study and virtuBlOE, 2007
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2 State of the art

Meyer: mitigation of the specific mode shape

With the help ofthe vehicle test executedt chassis dynamometer atfte simulation
with a MBS model, Meyer testified that the transmissionbitke judder could be
strongly influenced by the motion shaplesome special suspension composgnhich
could be effectively eliminated by modifying one specific pgdr example the rota-

ing vibration mode of the wishbone around the Ul bearing iaradard MaPherson
front axle (Figure2-15) greatly amplified the brake judder transfghich waseffective-

ly depressed by replacing the normabber U3 bearing with a hydraulic bearing that
has much higher damping propeffy.

= ¥ i X¥
e _\coordinate syL
= = = = rest position

operation deflection shape

Figure 2-15; (a) The MBS model(b) The notion shape accounting for the resonance in the
transfer paththe rotating vibration of the wishbone aroutiet U1 bearing®

2.2.3 FE and analytical models

The FE model by Tan: resonance decoupling

According tothe rotating vibration response of steering wheéligure2-16 (a) during
a vehicle road test artle modal analysis with a FE brake model (inclugdithe wheel
brake systemthe steering knuckleand the connections withthe suspension by ball
joints) inFigure2-16 (b), Tan suggested that thedarresponse in the 1619 Hz range
was caused bthe overlap of a resonance frequency in the steering system nathex
resonancérequencyfrom the wheebrake system. Through sensitivity analysis with the
FE modelthe stiffnessof the lower balljoint in Y andZ directiors andthe stiffnessof
the upper ball joint inY directionwere manifestedo bethe most influentialfactorsof
the resonance in the brake corner assentiblyas determined that this resonanae fr
guency could be shifted to a higr value by increasing the stiffness of the ball miby
which the high peak in 16 1@ Hzwasgreatlymitigated.

199 Meyer: Brake judder excitation and transmission mechanism, 2005, $.1
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2.2 Transferbehaviors of brake judder
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Figure2-16: (a) The seering wheel rotating vibration and (b) the FEM magssdby Tart™

The simplified analytical model by Duan: diminishing the resonance effect

Duan*''presented a simplified analyticaburcepathreceiver model, analyzing the
brake judder transfer behavipms illustrated irFigure 2-17. The source regime ne
tained aconstant brake pressuRt), the brake pad andbrake disc. The auivalent
vehicle moment of inertizvasaddedonto the disc. The ingt of the whole systerwas
defined as théirst order DTVwith sine signalThe giffness and damping in the wheel
brakewasrepresented byhelinear spring, andthedamping elemenc,.

Source Regime Path Receiver

Figure2-17: A simplified analytical sourcpathreceiver modedf brake judder transfér

The transfer patltonsisted othe moment of inertids of the sispension system, the
linear tensional stiffnesk; and dampingC; of the steering system, the nonlinean-te
sional stiffnes<; of the bushing that connects the suspension to the car bysut
frame. The steering wheel was the receiver with the mdneénnertial,. Simulation

110Tan et al.: A parametric study of brake roughs)2002, p.544.

1 Duan and Singh: A simplified sourgathreceiver model, 2011, p.142.
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2 State of the art

results showed that the transferbsbkejudder was greatly amplified by a resonance
frequency in the transfer path, while lower pad stiffiésand higher bushing stiffness

C; could effectively reduce the vibration levels. In particular, it was supposed that brake
judder could be significantly reduced by active modulation of the brake pressure based
on the information of the disc angular displacement and the specific(Parf&ct sine
signal)used in the model.

2.2.4 Conclusion of the transfer behaviors

From the literature reseam$ abovethe main transfer behavioref cold judder are
summarizedsfollows:

1 The deering wheel oscillation is the most significagftect d cold judcer.
Therefore,the transferof the vibrations fromthe wheel brake tahe steering
wheel is themain focus ofthe most researched\ll the componentsn the sis-
pension system are involved in the transfecatl judder from the wheel brake
to the car body, but the transfer is dominanttive longitudinal drection (see
Bittner). Thetransfer ofdronenoise has beecompletelyneglected

1 The ransfer of cold juddeshares the similar mechanism of tléthe tire im-
balance forceand the transmissns of them are coupled sometimé&berdore
they areofteninvestigatedointly (see Engel, Schlechand Yu).

1 Some resonance frequenciasd certainvibration modes are decisive for the
transmissiorof cold judderHowever, due to thdiversity ofthevehicle suspe-
sion systems anthe steering systems, there is no unified subsystem or @omp
nent thatalwaysaccounts for the resonance frequencythe vibration mode
Regarding the sources the resonance, easpecificcar should be treated as an
individual case that ought to bpecificallyinspected and analyzed.

The mitigation strategies afold judder transfecan be generallyclassified into thre
groups: modifying the characteristics of the chassis mpoptimizing theaxle kine-
matics andthe active controlmethod The methodemployedby the authors above as
well as theipros and cons are summarizedable2-2.

Besides, it wasnanifested by Lee that brake judder could be effectively reduced by
active BTV compensation strategy for EMB (EleeMechanical Braké}***3and EHB
(ElectroHydraulic Brake}**. In addition, t was supposed by Bittner that Bratg

12| ee: Brake force control and judder compensation, 2013
13| ee and Manzie: AdaptivBTV compensation foEMB, 2012

14| ee et al.: Active brake judder compensation usrB system, 2015
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2.3Humanperception of vibration

Wire system and Stedéry-Wire system would completely isolate the transmission of

brake judder to the bka pedal and the steering wheespectively'”.

Table2-2: The reduction methodsr brake juddetransmission

Strategy |Method Advantage Disadvantage
. o little changes of the|reliable MBS model
integrated optimization of all chasg « . : .
. mount s 6 p|isessential, valig-
mounts (see Bitter) . . .
already effective  |tion is complicated
identifying the influential factors by efficient combira-
TPA andreducingthe transmission |result is relatively |tion of the test and
Modifying |by modifying the characteristics of|reliable simulation is e-
the charac- | chassis mounts (see Zhang) quired
teristics of | optimizing the transferability with selection of the
chassis defined objective functions through parametesis ess@-
e | fewer parameters af . o
mounts parameter sensitivity analygtsat is |. tial, andvalidation
. involved, thus fastel . .
conductedy means of virtual DOE by vehicle testss
(seeYu, Sim and Dua necessary
avoiding the overlap of resonance identification of the
frequendes (see Engel, Yu and Tal efficient and effe- |resonancérequen-
anddepressing theritical mode tive ciesor mode shaye
shaps (see Meyer) is required.
possible conflict
.. . |integrated optimization dhe axle . with driving dynam-
Optimizing |, . . effective . -
kinematics (see Schlecht) ics anddriving
the axle
, . comfort
kinematics . — —
reducingor eliminatingthe lever arn| . .| potential influence
. . simpleand effective . .
of thedisturbingforce (see Engel) on driving behavis
Active active modulation ofhebrake effective for evident| costy and compt
control pressurgsee Duan) cold judder cated

2.3 Human perception of vibration

2.3.1 Subjective rating of brake judder induced vibrations

Only by the measured vibration values it is impossible to judge the effects of brake
judder onthe humadbs subj ecti ve pteercarrelgioni betweertheT her e f
subjective assessments ahe objective measurements is requd for evaluating the

practical influences of brake judderthred r i ver s & s u b jTeecirtvastige per c

115 Bittner: Reduzierung des Bremsrubbelns, 2006,ii829
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2 State of the art

tion has already been done by maegearchers regarding the vibrations caused by cold
judder orby theimbalancedire.

Engel investigated theorrelation betweethe subjectiveratingand the measured valu

tion for the steering wheel oscillation¥. As excitations wo tire imbalance masses
(40g and 120g) wereseparately appliedt one front wheedf a sedarand vehicle road
tests were carriedut. The subjective evaluations were made by six persons for the tests
with constant driving spesdrom 60 to 180 km/hin a step of 10 km/hA tenlevel
evaluation system was uskx the subjective rating.

Neureder alsatudiedthe correlatiorfor the steering wheel vibrations through vehicle
road tests. Thre€-segmenpassenger cars were tested vetitationsof different tire
balance masgs at the front wheels as wellAn eightlevel evaluation system witten
subjective scores was adopt&d

Schlech explored the correlationbetweenthe subjective ratings anthe objective
measurementsf the steering wheel oscillation artie car body vibrationgaused by
cold judderthroughvehicle tests with a luxury car. Four D™alues (10, 20, 3Gand

40um) and five decelerations were varie@he subjective rankingvas madeby six

driversaccording tatenlevel evaluatiorsystem:*

Besides, refrence values abotlte correlation are also provided by two standards. VDI
2057 provides a reference accordingthe responses of seated persons on a seat with
perpendicular sinusoidal movementSO 26311'%° supplies a reference based on the
general human reactions to various magnitudes of overall vibrations in public transport.

However,the correlations identified in the investigatiaisoveshowed great discrepa

cies, becauseffects of vibrations on human beings are dependent on many factors.
Besides the individual 6 c htheplysidalg@aramstéers c s
(amplitude frequency andluration), they are also influenced by the direction ofaribr
tions (with respect to the individual arle gravity), the part of the body where the
vibrations enter, as well as the body posture (sitting, standing or recumt@nay)
further manifested bellmannthat human response to both whole body vibrateamd

the steering wheel vibratignnside passenger cars are demaricn thetypes of cars
(e.g.small, middle class, middle upper class; petrol or diede)requency bandeg(g.

narrow bands athewhole range)the excitation characteristics (different motor orders),

118 Engel: Systemansatz zur bremserregter Lenkunruhe, 199858.41

7 Neureder: Ubertragung von Radkraftschwankungen auf die Lenkung, 2002,31409
18 Schlecht: Minimierung der Schwingungsempfindlichkeit, 2012, 547

19VDI 2057 Part 1, 20099

291S0 26311, 197-05-01
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2.3Humanperception of vibration

the measuring positionse(g. atseattrack oron the seat surface fothe whole body

vibration), as well as the processing method of the objectivelations (spectrally
weighted acceleration amweighted RMS acceleratidf). As a result the correlation
between the subjectiveerceptionsand the objective measuremeif the high-order

judder induced vibriions needs tde individuallyidentified

2.3.2 Frequency weighting of vibration

In order toconductthe correlation analysis between the subjective raindthe objec-

tive measurements dhe vibrations, the objectively measured vibrations ought to be
reasonably processe&dth respect tdhe basic features of the vibration signals, tike
amplitude,the frequency,the duration as well as thegtion andthe direction of the
vibrations being perceived. For this sakeme standardare available, which provide
uniform proceduresind general instruction$or the assessentof the vibrations For
example VDI 2057 Part *? and 1ISO 26311'%° are available for evaluating the human
exposure tothe whole-body vibration; VDI 2057 Part 3%, 1SO 53491'**and 1SO
53492'%*can be used to assess the human expostine handarm vibration.

On the basis of the physical data of vibration measurements and ta&ifngquency
dependent effects aride exposure duratioty into consideration, the rooheansquare

(RMS) valuea,, of the frequencyweighted acceleratios, () is formed as a variable
characterizinghe vibration exmsure. Currently two methods arsed for the formation

of the RMS valueof frequencyweighted accelerations, in time domain and frequency
domainseparatelyas illustratedn Figure2-18 andFigure2-19.

frequency
acceleration | weighting | frequency-weighted RMS RM S values of frequency-
signa a(t) | weighting ~ | acceleration a,(t) 1t | weighted accelerationa,,
filters - s (Hdt
e 0

Figure 2-18: Calculatingprocess othe RMS value of frequeneyeighted acceleratiarin the
time domain
In the time domain, the frequenayeighted acceleration,(t) is firstly calculated by

frequencyweighting of the acceleration signals witte weighting filters given by ISO
263%¥1: 1997 and I1SO 2632. The RMSa,, is then the quadratic (energyuivalent)

121 Bellmann: Perception of whole body vibrations, 2002, pi.183.
122Dl 2057 Part 2, 20185

123|S0 53491, 200105-01

124150 53492, 200108-01
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2 State of the art

te

mean value of the frequeneyeightedacceleratiom, (t) definedasa,, = tlﬁafv(t) dt.

Fourier frequency
acceleration | transform_| acceleration | Weighting | frequency-weighted RMS frequency-weighted
signal a(t) | spectrum a(f) v £ | acceleration g, - z | acceleration ay
a( f)av( f) () a\aw(f)\ .
f

Figure 2-19: Calculatingprocess othe RMS value of frequeneayeighted acceleratiarin the
frequencydomain

In the frequency domain, the time signals of acceleration are firstly transformed by
Fourier Transformation into either constant bandwidtipraportional bandwidth (e.qg.

as onethird octave band) spectra, the partial energy equivalent frequesnghted
accelerationd,, ( f) is then calculated for each frequency component or for eaeh fr
guency band by multiplying the RMS accelerat#(f) under each frequency comp

nent with the corresponding weighting facwi( f) . The RMS valued,, of frequen-

|2

cy-weighted accelerations is finally obtainegtd,, =.|a |a,(f)|" . In general only
f

minor differences are to be expected between the resilis offomethods'™.

In the case of brake judder tesf, the exposure duratian is the whole braking time.
During the whole braking process, vibrations at the smesl positions are varying
under different velocities. One or more peaks could be obviously perceived, avlich
causedy the resonance frequencies in the transfer paths. In order to reveal this effect,
the running RMSvalue of the frequencyveighted vilvation acceleratiom, (t) can be

calculated by using the following equatiortletime domain:

a,(to) = \/r} Ala, (0] dt (2.4)

to-¢

wheret is the integration time constant for running averagingthe integration vaar
ble (time) ando is the time of observation (instameous timéef°. Similarly, the run-

ning RMS of the frequeneweighted acceleratioaw(to) can be calculated by dividing

the entire braking timet. with a constant timevindowt . The running RMS method
takes into account occasional shocks and transient vibsdtyonse of the short integy
tion time constanfor constant timevindow) ¢ . The vibration magnitude is defined as a
maximum transient vibration valudTVV), given as the highest magnitude &f(to)

or aw(to) during the measuringeriod, defined as:

MTVV =max [g, (to)] or MTVV =max [a (tJ] (2.5)
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2.4Humansensations of sound

2.4 Human sensations of sound

2.4.1 Sound pressure and SPL

The ®und caused by mechanical vibrations in fileguency bandrom approximately
16 to 16 kHz could be heard dyumanbeings Vibrations in air,liquids and solids are
called airborne soundigquid-borne sounénd structurdorne soundespetively.*?®

A large amount of physical quantities (sound pressure, seetutity, soundintensity,

sound powersound energyand etc.)canbe used to describe the sound characteristics,
among which sound presstieemostly used in the measurentéhtSound pressure or
acoustic pressure is the local pressure deviation from the ambient atmospheric pressure,
caused by a sound wav@ound pressure in aan be measurday usinga micrghone,

which transforms the sound pressure to electrical sig@alsdasermicrophones are

the most popularlyised microphones in the sound pressure measurement. A condenser
microphone is a passive electrostatic transducer, consisting of a mobile diaphragm and a
rigid backplate.The working principle andhe equivalent circit of condenser mia-

phones are shown Figure2-20.

backplate
electrQde

capillary housing
isolator

Figure2-20: Theworking principle andthe equivalent circuit of condenser microphotiés

A constant polarisation voltagd, (typically 200 V) over a very large resistanRe

(>10 Gq ) is applied in the circuit. This voltage creates a constant charge onrthe co
denser. A sounthduced modulation of the distance between the diaphragm and the
backplate results in a change in capacity with constant charge, and thus in a sound
induced AC voltage sign& added to the constant polarisation voltage. For amplitudes
that are not too high, the relation between sound pressure and voltage is linear to an
excellent approximation. With the measurement microphones used today, thisi-approx
mation is valid for very high sound pressure levels of up to 140rd8.dimension®f
stardard measurement microphone are with a diameter eind2 (12.7 mm) and a
distance between the diaphragm and the backpfaibout 20Qum. The capacity of this

125 Muller: Handbook of engineering acoustics, 2013, p.8.

126 Moser: Messtechnik der Akustik, 2010, p.26.
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construction is about 280 pF. But other diameters of,11/4, or 1/8inch are also in
127
use.

In view of Weber 6s and Fechner 6s | aw, statin
to the logarithm of the stimulus, the physical quantities are usengiressed in terms of

their levels This law applies for the acoustical perceptibhe sound @ssure level,

is defined to b&”

_ Prms
L, = 20Igms (2.6)

0

wherep, . denotes to the RMS value of thignalwith

t,

1%
p? = A fp*(Hdt (2.7)
0

The standardized referencepjs= 2 310°N/m? which is also the threshold audibility of

human beingsThe averaging time of = 250 ms and = 1 s are normally adopted as
"fast” and "slow" separatef{®fi S| owd has the prradaivelycony t hat tt
stant, but the peaks of the measuring signals could be strongly smoothed.

2.4.2 Psychoacoustics

Interfering noises are sounds witmegative sound qualityvhich is perceived asnu
pleasant, disturbing and interfering. Vehicle noise can be characterized as interfering, if
it fills at least one of the following conditions?

1 A sound s unpleasant or interferirgven if thepassengers expect this sound
happerdue to their actions.

1 The sound quality is worse than expected.

1 The extent to which the person feels disturbed (veak or too strongs not
relevant.

1 A sound occurs withouhe user expecting the sound event (e.g. rattling of parts
of the interior trims).

1 The noise does not occur due to any event related to the usage of the datomobi
(e.g. warning noises due to tlaek of engine lubrication).

Influences of noises on humaensation are currently described by some psycheacou
tic parametersThe most often used ones as well as their main influential factors are

27 Miiller: Handbook of engineering acoustics, 2013, p.31.
128 Genuit: SouneéEngineering im Automobilbereich, 2010, p.6.

129 Genuit: SouneEngineering im Automobilbereich, 2010, p.185.
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2.4Humansensations of sound

listed in Table 2-3. Psg/choacoustics is the science abthé relationship betweethe
physical quantities of sound atfte subjective hearing impressions. The hearelgted
guantities, also referred to as psychoacoustic parameters, provide a linear representation
of human hearing perception. This means that a doubling of a psychoacoustic quantity
corresponds to a doubling of the corresponding subjective perceptiotilevel

Table2-3: Psychoacoustiparameters

Parameter | Unit | Description Influential factors

consideration ofhe frequency distril> | SPL, frequency, duration,

Loudness | sone | . . - . :
tion and the masking characteristics | masking, spectral bandwidth

Sharpness | acum ratio of the higHrequencyloudness to frequencycomposition
P the whole loudness. a yeomp

consideratia of the temporal structure| carrier frequency, modulatior
Roughness | asper| of signals, modulation depth and level frequency, modulation depth

difference SPL0
Fluctuation . eriodic variation of signals with mad .
vacil P . g modulation frequency, SPL
Strength lation frequency smaller than 20 Hz
. proportion of tonal, narrowband e tonal, narrowbandompm-
Tonality tu
ponents nents

Loudness

Loudness is the sensation value of the human perception of sound Y8lurhe fa-

mal definition of loudness ighat fintensive attribute of auditory sensation in terms of
which sounds can be ordered on a scale extending from soft td¥oddhe perception

of loudnessnainly depends on the sound level, the frequency and the bandwidth of the
sound event, as well &se masking effect€*. Loudnessncreases with rising duration

of stimulus andt keeps constant only when the duratisfonger than 200 nig"

Sharpness

The sharpness of awad event depends on its frequency composition. Fundamentally,
the sharpness of a signal is the higher the more high frequencies it contains. The factor
that most affectsoundsharpness is the distribution of its spectral envéfSpshap-

1%9Head acoustics: Psychoacoustic Analyses I, p.1.
131 ¢f. Genuit: SouneEngineering im Automobilbereich, 2010, piF4.
32 Head acoustics: Psychoacdaginalyses |, p.1.

133 Rossing: Handbook of acoustics, 2014, p.484.

134 Muller: Handbook of engineering acoustics, 2013, PS8
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ness is not suitable for describing the low frequency phenomenon e.g. booming (na
rowband 20 tdl80 Hz noise), because the parameterpstess is aimed for the pepee
tion of highfrequencynosies™!

Roughness

Roughness is a perception dimension that occurs most often with frgeuedalated

and amplitude modulated sound$.e impression of roughness occurs whenever a time
variant envelop exists within a critical bandpff example, when tones exhibit arte

poral structure due to a variation of their amplitude or frequdfregueng modulation

leads to higher perceived roughness than amplitude modulation. It is less dependent on
the sound pressure level. The sound pressure level has to be increased by circa 40 dB in
order to double the roughne's8.

Fluctuation strength

Fluctuation strength describes the perception of "slow" modulafidresnoises that ar
with 20 Hz or lower modulationare perceived as fluctuatél Perception of flucta-
tion strength is especially important in terms of the unpleasantness of sounds.

2.4.3 Equal loudness contours and frequency weighting filters

Considering the characteristics of theone noise caused byhe high-order judder
(which canbe roughlyconsideredas frequencygweep signals, especially in the case of
modified discs with artificial DT\ seeSection7.1.1) as well as the definitions and
application scenariosf the psychoacoustic parameteliscussed ir2.4.2 loudness is
the most suitablparameter to describfronenoise.By which the most important &
tures of drone noisés amplitude (SPL) and frequency, are emphasizéd depende

cy of loudness on SPL and frequenigyillustrated by DIN ISO 226@wvith the equal
loudness contourasshown inFigure2-21.

The curves of different loudness levels were obtained by testing. It is complicated to
directly use the equal loudness contours to correlate the sound measurements with the
human sensation of loudness. In practice therefore, some filters, séetveaghting,
C-weighting, Z-weighting and et al. are applied to account for the relative loudness
perceived by the human €&r. Because human beingse most seiitive to the sound
around 1000 ta4000 Hz, and since thA-weighting curve hashe characteristic of
emphasizing this frequency range,istreadily adopted as the standard for measuring

135DIN EN 616721, 201407, p.20 49.
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2.4Humansensations of sound

workplace nois€®. According to ZellerA-Weighting is also the most commonly used
filter for vehicle acoustics, because all the weighting filters are only very roughxappro
imations of the human subjective sensitivities in the circumstances of compex noi
es®’. A weighted loudness is normally indicateith the unit dB(A) and the weighting
function in amplitude spectrum is expressetfby

Ql\)

4 P
ot g 12194 o6 0+ (29)

&(f2 20y D%+) C 62 407 .f% ) d g7

R D

At &)

where fGis the normalized frequensplue with f6=f/ H.
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Figure2-21: Threshold of hearing and equal loudnesstour*®

The frequencyweightedloudnesdevel is called the loudness leus| and ismeasured

in the unitcalledphon The loudness level is a numerical value that is identical to the
sound presse level of an equally loud 1008z tone.Above 40 phon, a 1{phonin-
crease in the loudness level is roughly equivalent to a doubling of the perceided lou
ness$*®. In order to display the practical effects different loudness levelsn human

1% Richard L. St. Pierre Jr. and Maguire: The impact efighting SPL masurements, 2004
137 Zeller et al.: Handbuch Fahrzeugakustik, 2012, p.192.
138 DIN ISO 226, 200804, p.9.

139 Miiller: Handbook of engineering acoustics, 2013, p.72.
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sensationthe typical subjective evaluatiorsnd the typical scenario®f the loudness
level Ln), as well asthe corresponding parameteo$ loudness(Sy), sound pressure
level (Lp), sound pressurg) and sound intensity)(for 1000 H pure tone sounds are

shown inTable2-4. It is classified into seven groufi®m 0to140 phon

Table2-4: Classification ohuman sensation to loudness after M&lz

Ly S Lp p I . .
Group (bhon) | cone)l| (dE) (pa) | (W/m2) Evaluation Scenario
140 | 1024 | 140 | 2x10° | 10°
134 threshold of pain . .
verv loud to commercial vehicles
130 512 | 130 y in 5m, aircraft
1 unbearable . . .
120 256 120 | 2x10 1 loud noisg passing train
110 128 110 noisesat platform
100 64 100 2 10?
a0 32 90 passenger cars in
2 1 . | loud 5m, very loud
80 16 80 | 2x10 10 talking
70 8 70 : office background
3 fairly loud .
60 4 60 | 2x10°| 10° noises
4 50 2 50 fairly quiet | soft speech
40 1 40 | 2x10% | 10° | quiet whisper
6 30 30 very quiet very soft speech
20 20 | 2x10* | 10"
. 10 10 not or barely| in the quietest
3.8 threshold of hearing perceptible | surroundings
0 0 |2x10°| 10"

190 Melz: Maschinenakustikapitel2, Teil 3, 2013, p.g89.
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3.1 Scientific goals

On the one hand,saclarified in sectionl1.4 and 2.1.1 that high humbes of hot spots
werefound in many hot judder tests buethccurring mechanism of hot spotss been
still not completely welknown, thus the trigger and development mechanisms of hot
spots have beealmost the exclusive focasof the current hot judder investigations.
On the other handhe transfer behaviorsf cold judderand the final effecs of the
vibrations caused by cold judden the drivethave been already intensively investiga
ed by means ofehicle teseand simulation (sectioB.2and2.3). In consideration of the
different frequency ranges of higitder hot judder and cold juddéne ultimate goal of
this work isthereforeestablishedo explore the question:

1 Whether the hilg-order hot juddecanbe perceived by the drivém passenger
cars and thus leads to customer complsiint

In order toanswerthis question, two aspectseedto be considered and some further
specific questios areraised

1) Incidence of highorder hot judder in the real vehicles Since thecurrent hot
judder testdhave beemostly carried outvith the brakedynamometergsection
1.4), consideringhe different constrais (e.g. the overall suppastiffness,the
cooling rate othebrake disc, and possibly the retroaction of some vehicte res
nance frequencies) oe wheel brakes and thmodifications of thenydraulic
layoutsof the braking systeratthe dynamometersas well as the different oe
trol methods of théestconditions

o Whether higkhorder hot juddecan be excitedh the vehicle te$t Or are
the high orders found in the dynamometer tests reproducilie irehi-
cle tess?

o Whetherthe dynamometer tesesults are transferable to the \a@aites?
Or in other words, ar¢he behaviors ohot judder(e.g. the intensityand
the dominantorded in the dynamometetestsrepresentative fothose
under real vehicle driving conditions?

2) Perception thresholds of highorder hot judder. Even if there was higlrder
hot judder occurring in the vehicle:

o0 Under whch conditions (e.g. thequency range antthe thresholds of
BTV/BPV) could the higkorder hot judder be perceived by the driver?

o In which form @svibration,noise or both could the highorder hot jal-
der be perceived by the driver?
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3.2 Overall methodology

Based on thgoalsraisedabove a topdown approach igstablishedo investigate the
guestions, as presentedrigure3-1.

M otivation

1 High-order hot judder has been found in plenty of dynamometer tests
and has been almost the exclusive focus of hot judder researches

1 Influence of the low-order cold judder on driversdsubjective

perception iswell researched
Ultimate goal

1 Influences of high-order hot judder on the driverésubjective perception

Il Il

Incidence of high-order hot judder Perception thresholds of high-

in vehicle tests order judder

Transferability of dyno tests Transfer behaviors

1 Comparison tests with the 1 Transfer functions of BPV/
original brake and the BTV to selected driver
dynamometer juddering brake interface quantities

1 Exam of the influential factors 1 Transfer mechanisms of drone

iL noise
9 Perception thresholds of the
Incidence of high-order hot judder driver interface quantities
in production passenger cars | Threshold values of BPV/BTV

Figure3-1: The overall topdownmethodology

In order to detect thmcidence of higkorder hot judder in passenger cars, the traasfer
bility from dynamometetestto the vehicletestis firstly investigatedOne front brake

and one rear brake from two similar rsze upper class cars aseparatelytested
through dynamomter test and vehicle tefkegarding the vehicle test, both driving tests
on the test tracks and vehicle tests at chassis dynamometer have been cai@aty out.
the original brake components are adopteth@testf the front brake, while two sets

of intentionally producedbrakepads that have the same structure but different materials
(the NAO pads and thECE lowmetallic pads) compared with the original pads are
employedin the testof the rear brakeThe identical brake components are used in all
the corresponding comparison tests. The hot judder behaviors between dynamometer
tests and vehicle tests are compared wadpecto thedominantorder and the ampgl

tude of the dominant orddn addition, the suppostiffness of the wheel brake in the
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dynamometer tests has been modified, so as to examine the influential factors of the hot
judder behaviorsMoreover, furthervehicle road tests witithe other four production

cars have been conducted, in order to identify the incidence obhigh juddeiin the
production brakes.

The perception thresh@df highorder hot judder are indicated the threshold values
of BPV/BTV, the threshold values of the selected vibratianthe driver interfacéhe
brake pedal pulsation, the steering wheel oscillation, and the whole car body vibrations
in three directionsandthe critical noise levels of the vehicle interimone noise. The
links between the BPV/BTV and the driver interface quantities ar@atefas global
transfer functions, by which the transfer behaviorthefhigh-order judder are presen
ed. In order to investigate the transfer behaviors with a higher dmnalse ratio and
guaranteed judder occurren@novel test method is employedhat is, vehicle tests
with brake discs that are artificially modified with desisedifaceshapes simulating the
high-order DTV/LRO. Altogether three passenger cars with seven brake mhbses
sessingvarious DTV or LRO are tested, and the transfer funstiohBPV/BPV to the
vibrations and drone noise at the driver interface are idenfdietthe three vehiclesn
addition,based on the assumed transfer p#tiestransfer mechanisms of drone noise
from BTV at the wheel brake to the vehicle interoe chrified, by using the results of
the vehicle tests

The threshold values for perceivirthe vibrations are obtained by regression analysis
between thie subjective ratingand objective measuremengnd the critical values for
drone noise perception aselected through literature research on the vehicle interior
noise level and the masking effect of souBdsed on the threshold valuefsthe driver
interface vibrations and drone noise as welltlas identified transfer functions, the
threshold values d@PV/BTV are determined ithefrequency domain

Test methodologiesegardingthe transferability investigationthe vehicle tests for
researchng the transfer behaviors, atite threshold values of the vibrations caused by
the highorder judder are demefrated in Chaptet, and the results of these investig
tions are presented in Chap®e, and7.
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4.1 Basics and definitions

4.1.1 Fist caliper brake

Because all the brakes involved in this work are-piston fist caliper brakes, the basic

structure and working principle as well as the nomenclatures-{gee4-1) need to be

clarified, in order to guarantee a better understanding of the following investigations

and resultsThis type of caliper looks like the human fisg, it is normally called thist

caliper The sideof discthat possesses thlier ake pi ston is called the
the other side that looks like the human fisgers cal | ed t he Afinger sid

The fist caliper brakeonsists of the main components of the brake disc, the brake pads,
the caliper, and the calipbracket. The brake digs fixed with the wheel hub that is
supported by the wheel bearings, thus it rotaiesultaneouslywith the wheel. The
caliper bracket iscrewed togethewith the wheel knuckle, which monnected with the

car body or thesubframe via the suspension componeiiise caliper ixonnected with

the caliper bracket through the bushings and guide pins, and the connection allows the
caliper movingi f r eatohgyth@ guide pinBesides, there is a venalve at the cai-

per, enabing the venting of gases fronmé brake fluid In the following vehicle tests,

this vent valve is removed amagressuresensoiis directly mountednto thevent hole

Figure4-1: (a) The brakearnerassemblyand(b) the wheel brake systenfi a fistcaliper brake
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4.1.2 Definition of the characteristic parameters

DTV, LRO, BPV, BTV, temperature variatiayn the disc surface(hot spots)thevibra-

tions at the wheel brake and the drivimterface as well ashe drone noises near the
wheel brake and inside the vehicle are the characteristic parameters used for testing and
evaluating hot judder in this worRegarding the notations, the values of DTV, LRO,
BPV, BTV and temperature variatiosre separatelgenotedasDd,, Dz, (referring to

the cylindrical coordinate system tfe brake disc(r,/ ,z), the coordinatez corre-
sponds to the axial directiaf the brake disy, Dp,, DM, and DT in the following.

According to the definition by Engel with the illustrationkigure4-2 that DTV is the

difference between the maximum Disc Thickness (the initial disc thickness, DT2) and

mi ni mum Disc Thickness -fo-pgdak¢o amgl! LROde so
waviness. The disc surface geometry at a disc radius is measured biglaceiment

sensors placed at the opposite positionheftwodisc sidesGiventhe distance signals

d1(r,/ )andd2(r,/ ), DTV and LRO are separately calculated by:

max mean
Dd,(r) 0 £ 29di(r, j d2¢, )) 0 - @ d¢, ) d2A.,+) (29
max mean
Dz,(r) 0 & 29dd1(r, j d2(, )j O - /@ d¢, ) d2(,-) (210
Since the disc surface geometries at more than one radius are measungthe brake
dynamometer tests and the road tests of vellictke DTV and LROvaluesused in the

analyses are the averagfethose at all the radienotecas Dd, and Dz, respectively.

Sensorl
P —— — e d1(r.00) DT1: 11111111111;.1111 disc thickness
3 LRO N 3 through wear away
M N NN T
__ _om  jprz_ fors . DT2: initial disc thickness
% DT3: disc thickness after flattening

> N NN w m) the run-out

--------- DTV =DT2-DTI

360° .Sensm‘z

Figure4-2: The ckfinitions andmeasuring methodf DTV and SRG"

Following the definitios of DTV and LRQ which are actually both peato-peak v&
ues (maximum valuesminimumvalues for a sine signalhe values oBPV, BTV, and
disc surface temperaturariation are also defined as¢ peakio-peak values in this
work. Neverthelesstheamplitudes oWibrations and noiseare the conventional amgpl
tudes in the following order analyses and spectral analyses.

141 ¢f. Engel: Systemansatz zur bremserregter Lenkunruhe, 1998, p.80.
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4.2 Methodology for transferability investigation

In order to investigate the trderability of hot judder tesdrom the brakedynamometer
to real vehiclesthe hot judder behaviors of two brakes in the brak@mamometetests
and in the vehicléestsare comparedthis partis calledt h eomgarison testin the
following). Since greatliscrepanciefiave beerfound inthe results ofthese two types
of testing, further tests with modified stiffness of the wheel brake supptine brake
dynamometeare carried outsoas todetectthe influential factors for the discrepaes
(this part is called h enodification tesd in the following). Furthermore, because no
evident highorder hot judder has beéoundin the vehicle tests with the two brakes in
the comparison test, further vehicle tests with four passenger cars ard cairig
order to identify the incidence of the highder hot judder in the production brakes (this
part is called the fi de Mheimain methodology ande st 0
results of the comparison test atiek identification test have beerulplished inthe

publications of the autht?'**, which are not further citeid detailin the following.

4.2.1 Test strategy of the comparison test

As mentioned in the overall methodology, one front brake thgtoriginal brakepads
and one rear brake witspecifically producegadsare tested in the comparison test
The main specifications of the two brakes are listedable4-1.

Table4-1: Main specifications of the brakesed forthe comparison test

Characteristics Front brake Rear brake
Caliper type fist caliper fist caliper
Disc type ventilated ventilated
Disc diameter 320 mm 320 mm
Discthickness 32 mm 24 mm
Pad arc length 48° 42°
Number of piston 1 1

Piston diameter 46 mm 42 mm
fErif:iztri]vrea((j?j:metric) 133.5 mm 141.5 mm

142 % u and Winner: Hot judder characteristics in passenger car, 2015

143 Xu and Winner: An experimental comparison of hot judder behaviours, 2016
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In the first place, drag braking applicaticarsdstop braking applications are carried out
for the both brakewith thebrake dynamometer. In the second plalcejdenticalbrake
pads, calipes; caliper bracketsandknucklesusedin the dynamometetestsare mout:

ed into the vehicles and tested throwgthicle tests. In order to avoid the influence of
thediscwearout states aftethe brakedynamometer testnew discs are used in ttveo
typesof tests.

Since thefront brake is dominant with®ito 4™ lower orders in all the tests, whereas the
rear brakes with both kinds of brake pads sh8woa5" higher dominant orders in the
drag braking applicationsarried outat brakedynamometer, andelcausethe focus of
this work ison the highorder hot juder,in the third place, further vehicle test#h the
help ofthe chassis dynamometare onlyconductedor the rear brakes, whetess of
both stop braking and drag braking applicatiarepossible.

Therefore for the front brake, hot judder behardan the road tests will be compared

with those in the stop braking applicatiogsecutedat the brake dynamometer; for the

rear brake, hot judder behaviors in the three types of stop braking applications as well as
in the two types of drag braking apg@tons will be compared respectively. The overall
testand comparisostrategy is illustrated irigure4-3.

Front brake [—> BrakeDyno [—>| Road test

Stop braking

N
v

154 4t orders Stop braking
Original pads Drag braking

Rear brake [—> BrakeDyno [—> Roadtest [—> Chassis Dyno

Stop braking

v

> Stop braking €

L\
\

9t 15t opders Stop braking
NAO+ECE pads Drag braking €

2 Drag braking

A
y

Figure4-3: The overall ¢stand comparisostrategyof the hot judder comparison test

The correspondingest desigrior each tests displayed inTable4-2. With respect to all
stop braking applicationshe initial disc surface temperature is always kept at 200 °C;
four deceleration variations of 0.2, 0.3, 0.4, andd@aseemployed three intial braking
velocities of175 20Q and 225%m/h are varied, excepor the road test (from 17&nd
225km/h) and the brake dynamometer test ofrtaa brake (only from 225 km/h).

Regarding the drag braking applications, generally three velocity vasasinod four
variations ofbrakingpressure are applied, and the testing duration is deterryntae

disc surface temperaturangingfrom 100to 500°C. For the brake dynamorter tests

of the rear brake, in addition to the braking applications with aaohgiressures, one

test program with constant brake torques of 100, 15Q,&@0300 Nm is also conduc

ed, with their corresponding average brakipgessuresoughly equivalat to the four

varied pressures.of the chassis dynamometer test of the froraar, although only
brake pressure is taken as control quantity, two different test programs are run: one
programfrom the lowest velocity andrakingpressure (175 km/h, 10 bar) to the highest
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ones (22%m/h, 30bar), andthe other in the opposite direction. Besides, in order to
detect the hot judder behavia@aslower velocities, 125 km/has beemun in the testing

of the front brake. Restricted by tdeag brakingperformance of the brake dynamem
ter, the maxnumbrakingpressure iimited to 25 bar for the front brake and 30 bar for
the rear brake.

Table4-2: Test design of hot judder comparison tests

Brake dynamometertest Road test

% Stop braking Drag braking Stop braking

S | vy (km/h) | 175 200,225 | v (km/h) | 125, 175, 225 v, (km/h) | 175, 225

E a(g [0.2,03,04,048T(°C) |100to500 a(9) 0.2,0.3,04,0:t
To (°C) | from 200 p (bar) |10, 15, 20, 24 T, (°C) | from 200
Brake dynamometer and ©iassisdynamometertest | Roadtest

% Stop braking Drag braking Stop braking

S | v, (km/h) | 225 v (km/h) | 175, 200, 224 v, (km/h) | 175,225

é a0 (9) 0.2,0.3,0.4,0.4 T(°C) | 100to500 | ay(g) 0.2,0.3,0.4, 0.F
To (°C) from 200 p (bar) | 10,15, 20, 30 Ty (°C) from 200

Moreover, because new brake disce usedor each ofthe testspefore all the testa
run-in program composed of 60 stop braking applications fromio880km/h with a
constant brakingressure of 30 bar and an initial disc surface temperature of 108s°C
beenexecutedor the dynamometer tests. Accordingly, a similar-tu program cogig-

ing of 30 stop braking applications from 80 km/h to standstill with a deceleration of
about 0.4g and the same initial disc surface temperatured0f°C hasalsobeencarried

out forthe road tests.

4.2.2 Test setups of the comparison test

Brake dynamometer test

The brake dynamometer used in this investigation is the FZD dynamometer, its general
working anddata acquisitiorprinciples for hot judder testing can refer to the introeu

tion by Sard&**. The tydraulic control system anthe test setugfor the front brake
testingat the brake dynamometer are showrFigure 4-4. This dynamometer can be
conducted byhebrake torquethebrake presse or the brake decelerationh@& control

144 sarda: Wirkungskette von Hotspots und HeiRrubbeln, 2009 p338
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4.2 Methodologyfor transferability investigation

of these parameters is realized through the control valve labeled with number 10 in
Figure 4-4. Between thecontrol valve andhe caliper a throttle valve (in the grey box
labeled with number 11) is mounted in the brake line, in order to attenuate the gransmi
sion of the pressure variation frothe caliper into the control valve. Otherwise, the
dynamometer cork system wouldoe alwaystrying to compensate the BTV or BPV
dependingon the currently controlled parameter.

—CG

Figure4-4: Test setup and control systefithebrake dynamometer

Table4-3: Measured quantities and specifications of the sergiéed tobrake dynamometer

Nr. | Measured quantity Sensor (producer, ype) Effective range
1 disc surface geometry | capacitive displacement sensors, 0-250 pm,
(DTV and LRO Capacitec, HP€150-H max. 400°C

infrared camera with mirror system,

2 Hot spot -40-900 °C

Ot Spots CEDIP Jade Il MWIR

3 BTV strain gauges, HBM,-XY31-1.5/120. -

4 BTV force transducer -

5 BPV at caliper vent hole pressure transducefulite, HKM- 0-70bar
375(M)

6 BPV near caliper pressure transducer -

7 BPV after throttle pressure transducer -

8 caliper bracket Wration | 1-axis accelerometer, Kistler, 8610B1( + 100g

9 | caliper vibration 3-axis accelerometer, Kistler, 8766A5( + 50¢g

Quantities relevant todt judderand their measuring sensors are listedTable 4-3.
Main working principles for measuring tequantities are as follows:

1 DTV/LRO: Becausehe positions of hot spots in the radial direction of brake
disc are constant neither in various lEsknor in subsequent braking apalic

47


http://de.wikipedia.org/wiki/Grad_Celsius

4 Test methodology

tions with the same brak®, eight capacitive displacement sensors are applied,
measurig the disc surface geometry at falifferent radii ofthefriction rings.

1 Hot spots aninfrared camera with a mirror system desayabling themeas-
urement oftemperature distributions at both disc surfaces witly one camera.
The temperature measuremensynchronizeavith the rotatingspeedof the d/-
namometer drivengine measuring 125 positions per disc rotataord 250 pi-
elssimultaneously in the disc radial direction

1 BTV:thebrake torque is normally acquired by the force transducer in the torque
measuring shaft assemhdy the brake dynamometer. However, there iges-
nance frequency at about 1B& in thismeasuring shaft assembi§; by which
the BTV measurement around this frequencgtisngly amplified. In order to
avoid this effect and to have tidenticalBTV measuring equipment both thie
brake dynamometer and in the vehiclegtiermeasuring methodamedi st r ai n
gauge cal ihpsebeerdévelaped¥'® tStrain gauges are arranged at
the most sensitive positions of the caliper bradastording to the full Whea
stone bridgeonfiguration andrecalibrated with the torque measuring shaft a
semblyof the brake dynamometander staticonditions

1 BPV: threepressure transducers are installedrderto measure the brake gre
sure: the first one directly at the vent holalad brakecaliper, the second one in
the brake line neahe caliper andthe last one near the control valve. Byrzo
paring the pressure variations before and after the throttle, the sibeneifect
of the throttlecan berevealed.

1 Caliper and caliper bracket vibrations: one 3axis accelerometer iadopted
measiring the caliper vibrations in three directions amdsinglel-axis accé
erometer is mounted Hte caliper brackegaugingits circumferential vibration.

Besides thge quantitiesthe disc surface temperature is monitored by a sliding contact
thermocoupldtype K) andit is employed agshe trigger signal(start andfinish trigger
signal inthedrag braking applications as well as start trigger signtiierstop braking
application$. Therotational speed that is essential floe order analysis isletermined

by a Hall sensor which gives one impulse ghscrotation Exceptfor the measurement

of hot spotsthe sampling rate of all the other signals is set t&k#@. The dynamore-

ter test setup fotestingthe rear brake is similar with that for the front raksting,
which is attached ifigureB-1.

195 sarda: Wirkungskette von Hotspots und HeiRrubbeln, 2009; po54

146 Fischer et al.: Effects of different friction materials on hot judder, 20186p.5

147 ¢f. Bauer: Einflusses einer Messviehtung auf Bremsmomentschwankungen, 2012

148 ¢f. Kammer: Prifmethodik zur éstimmung von Bremsmomentschwankungen, 2013
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Vehicle tests

In the vehicle tests, the identical strain gauge caliper bratkeipressure transducat

the caliper vent hole, anthe two accelerometers ttte caliper andthe caliper bracket

are separately mounted into therft left brake andhe rear left brakeof the test veh

cles Thedisddsurface temperature and rotational speed are also acquired following the
same principles athose inthe brake dynamometeests For the vehicle test ahe
chassisdynamometer, in addition to these sensors, a pyrometestal@ud measuring

the tempertre variationson one radius of the disc friction ring (segure 4-5), be-

cause the pyrometer responds faster to the temperature changes thamibeotinge.

Figure4-5: Installation position of the pyrometer

Both thehydraulic layoutand the control methoith the chassis dynamometeghicle
tests(seeFigure4-6) are similarto thosein the brake dynamometdests But they are
different with those in thgehicle roadests. During each road vehicle tds driver is

trying to keep the brake pedal at a constant posaahthe brake pressure is generated
through the normal vehicle braking system (the brake booster and the master cylinder
instead of the control valvand the throttle of the brake dynamometer)

Brake lines from V To the hydraulic
the calipers of th(S fcontrol system of the
rear brakes / chassiglynamomete

Figure4-6: The lrake linesfrom the rearbrakesaredirectly connected to the hydraulic control
systenof thechassis dynamometer

The differences of the hydraulic layout and the control method are supposed to be the
main reason thatould leadto various hot judder behaviors between the two sygie
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dynamometer tests and the road teAtsotherdeviationof the vehicle chassisdyna-
mometer tesfrom the vehicle road tess that the rear axle idisconnectedo the
powertrain during the chassis dynamometer test, because the test vehalesAll
Wheel Drives (AWD)

The vehicle roadests with the initial braking speed of 175 knafie performedon the
runway ofthe test trackin AugustEulerAirfield **° (as illustrated inFigure 4-7), on
which a maximum initial braking velocityf 180 km/his possiblefor the test car. The
tests with the initial braking speed of 225 knafte carried out on the runway of the
Opel Test @nterPferdsfeld®®, which isabout 3000 m long and allows a maximum
initial braking speed of appraxiately 230 km/h for theestvehicles.

Figure4-7: The test track iMugustEuler-Airfield (Picture source: Google earth)

4.2.3 Methodology of the modification test

In the brake dynamometerstehe caliper bracket is connected with the wheel knuckle
thatis fixed with the dynamometer througin adapterwhereas the knuckle ettached

to the caibody or the sulirame throughhe suspension componemsa vehicle There-
fore, he supporstiffness of the wheel brake is differentthese two test types.

In the comparison test of the rear brake,atlaptedisplayedin Figure4-8 (a) is used.
The three cuboid pillargvith which the knuckle is directly fixedh the axial direction
are reinforced beveralribs, by which the torsional stiffnesof the adapter igreatly
enhancedin order toexamine the influencef the wheel brake support stiffness the
hot judder behaviordyrake dynamometer tests with anotlelapterwithout any ribs
(shown inFigure4-8 (b)) are carried outThe torsionaktiffness of thisadapter is much

149 https://de.wikipedia.org/iki/August-Euler-Flugplatz, accessed at 16.09.2016

150 hitps://de.wikipedia.org/wiki/Fliegerhorst Pferdsfedtcessed at 16.09.2016

50


https://de.wikipedia.org/wiki/August-Euler-Flugplatz
https://de.wikipedia.org/wiki/Fliegerhorst_Pferdsfeld

4.3 Methodologyfor the transfer behaviors

smaller.Thetest matrix of théorake dynamometedest forthe rear brakéseeTable4-2)
is repeated for this setup angpair of Cufreepads f r om Fiadopteder 6s DOE

Figure4-8: (a) The giffer adapteiand(b) the fexible adapterfor the wheel brake

4.2.4 Methodology of the identification test

Based on the good correlations between the vibmidrthe caliper and the caliper
bracket and the other hot judder characteristic parameters (DTV, LRO, BPV, and
BTV)™!, the hot judder situations in all the wheel brake of fpassengecarsare
identified bystickingaccelerometers on the caliper and takper bracket. This method

is much more efficient than by measuring other quantities of hot judder (e.g. hot spots,
disc surface geometries, BTV or BPV) in the vehicle teBism 1-axis accelerometers
(Kistler, 8610B50) are usednd the circumferential brations of the caliper and caliper
bracket are measureldiring the tests

In addition, the disc surface temperature and the wheel rotational speed are also gauged.
The tests aralso performedon the runway of theest trackin AugustEulerAirfield.
Theinitial braking speeds are in the rafggween 160 anti80 km/h. Fothetesting of
eachwheel brake, three variations of braking deceleration (ca. 0.2, 0.3, agfdhd

two variations of initial disc temperature (ca. 100 and ZX)Careapplied

4.3 Methodology for the transfer behaviors

4.3.1 The fundamental investigation strategy

Thevibrations anddronenoisecaused by hot juddeare transmittedby varioustransfer
paths thatoften show complicated frequency dependence andlinear properties
Insteadof the concrete transfer paths, tfiebal transmissioa from the wheel brake to
thedriver interface disturbances ateterminedas the expression of the transfer beha

151 xu and Winner: Hot judder characteristics in passenger car, 2015, p.6.
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iors of

high-order judderin this work Six quantities of brake pedal pulsationthe

actuaton direction,the circumferential steering wheel oscillatidhge dronenoise inside
the vehicle andthe car body vibrations ifX, Y, and Z directions (longitudinal, lateral
and vertical directions with respect to the velicgodinate systeinare selectedas
critical driver interface disturbancestwodt judder.

| . Brake pedal pulsation,
BPV > Braking system Ges actuation direction
. _ | Steering wheel oscillation,
Steering system Gss circumferential direction
BTV o Car body Groiee o Ve_hl cle mterlpr derne
noise, near driveréear
Suspension system | Car body vibrations,
Gsusx. v, 2) g in three directions

Figure4-9: The six global transfer functions defined for the transfer behavior investigation

Consequentlyassuming that under the hot juddmrcurring condition ofight decelea-
tion the transfer pathsanbe seenas LinearTime-Invariant (LTI) systems, sikrander
functions of BPV/BTV fromone wheel brake to the hot judder interface quanties
Figure4-9) are defined:

T
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In the braking systemBPV causingorake pedal pulsation in the actuatidinec-
tion:

m/s
bar

Apedal, atu( f)
Dpg(f)
In thesteering systenBTV causingcircumferential steering wheel oscillation:

Ggs(f) = ; [GBS( f)] (4.1)

m/s

asw, circ( f )
Nm

DM (f)
Dronenoise transmission, BTW¢ausing drone noise withsmund presurep in-
side a vehicle:

(4.2)

Gl f) = ; [GSts( f)]

pinterior( f)
DM&(f)
In the suspension system, BTdausingseat trackvibrations (measurement of
the car body vibrations) ithe X, Y, andZ directions:

P
Gnoise( f) = ’ [Gnoise( f)] :lﬁ (43)

. m/s
DMs(f) | 8G sus x vk ) g:'m (4.4)

a (f)
Gsuawa(f):—ST(x'Y’z) ‘
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4.3.2 The novel test method: artificially modified discs

Because DTV/LRO of hot judderetemporary and dynamitheywill disappeawhen

brake disc cools down and the positions of hot spot®th circumferential and radial
directions of thedisc surfacesdlternate in thesubsequenbraking application$>. Be-

sides it is difficult to calcula¢ the transfer functions with two or even four inputs of hot
judder excitations from the two or four wheel brakes of a vehutgeover as inspete

ed bythe identification teswith production passenger cars that it is difficult to fihd

hot judder wih one single dominant high order in the production brgkes the inve-
tigation in4.2.4), or even in the brakes with specifically produced biakes that show
evident highorder hot judder in the brake dynamometer tests (see the comparison test in
4.2). Therefore, in order to identify theahsfer functions of higlorder hot judder witla

higher signakto-noise ratio and higheguality, brake discs that are artificiallpodified

by usingthe numerical control machineto desiredsurfaceshapes simulatinghe high

order DTVLRO are taken athe solutionAs high-order hot judder arountd" orderis

the research objectivestablished irthis work,the 10" DTV or LRO havemainly been
imitated For examp#, Figure 4-10 shows two discs with 60m HKa6der 6 DTV
(groovesat corresponding positiors both sides of the disc) and 10im Kd©der o
LRO (groovesat alternatingpositions orboth sides othedisc), respectively

(b),

Figure4-10: Discs with 18 order artificial DTV orLRO: (a) Dd, °60¢ n; (b) Dz, °100g n

4.3.3 Test vehicles and modified discs

In order to compare the transfer behaviors of ‘agier hotjudder in different passe
ger cars, one compact caehicle A) and two midsize luxury cargvehicle B andC)
that are allequipped with fist caliper disc brakasetested.Main technical data of the
three vehicles are listed Trable4-4.

132 5arda: Wirkungskette von Hotspots und HeiRrubbeln, 2009 po54
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Table4-4: Technical data of the three vehicles under test

ComponentFeatur¢Vehicle A Vehicle B VehicleC

class compact mid-size luxury car  |mid-size luxury car
production year  |2004 2002 2011

Car body

construction 5-door dan 5-doorsedan 5-doorsedan
permitted weight |1960 kg 2150 kg 2370kg

Engine

type L4-cylinder petrol; V8-petrol; front, V6-petrol engine; front

engine displacemel
nominal power
nominal torque

front, transversely
1984 cm3

110kW at 6000rpm
200Nm at 3500 pm

lengthwise

3498 cm3

180kW at 5800rpm
345 Nm at 3800pm

lengthwise

3498 cm3

225kW at 6500rpm
370Nm at 240685000
rpm

Drive train

type AWD, permanent standard drive AWD, permanent

gearbox 6 speed manual 5 speed manual 5 speed Manumatic

Tire

size 205/55 R6 235/45 R7 245/45 R7 95W

rim size 6.5Jx16 ET50 8.0Jx17 E®5 8.0J x 17ET48

Front axle

type MacPherson strut double wishbone, coil |double wishbone, air
spring-strut spring

total toe - 0°10°+ 0°10° + P14+ 0°10° + P17+ P17

camber - 0°30°+ 0°30° -0°13°+ 0°30° - 0°55°+ 0°36°

caster + 7°348+ 0°3¢° + 6°36°+ 0°3C° + 7°01°+ 0°50°

kingpin inclination |+14°40° +130° -

kingpin offset positive -

Rear axle

type twist beam axle multi-link independent|multi-link independent,
coil spring-strut air spring

total toe -0°10°+ 0°13° - -0°10°+ 0°13°

camber - 1°20°+ 0°30° - - 1°5%+ 0°50°

Steering

type rack-andpinion stee- |recirculatingball stee- |rack-andpinion stee-

mounting location
power steering
overall transmissio

ing
front axle,subframe
EPS

ing

front axle, subdrame
EPS

17.9

ing
front axle, sudrame
EPS

variable

Brake
front brake

rearbrake

one-piston fist caliper,
ventilated discs
one-piston fist caliper,
soliddiscs

one-piston fist caliper,
ventilated discs
one-piston fist caliper,
ventilated discs

one-piston fist caliper,
ventilated discs
one-piston fist caliper,
ventilated discs
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All brakes of the three vehicles were testedalsgelerometermountedon the brake
calipers, but none of them were detected with evident-tidar hot judderSincehot
judder of the front brakes is more significant to the steering wheel oscilthtonthat
of the rear brakeshe transfer behavios high-order judderfrom the front brakes are
set to behe mainfocus inthis investigation Thereforethe front left brakes of thiaree
vehiclesarereplaced bythe modifieddiscs with artificial DV/LRO. However,vehicle
tests with modifies discs in the rear left brake of vehlere also conducted) order
to inspect the transfer behaviors frame rear brakes

Besides,various brakediscs are applied in the testing of the same vehicle, 40 as
investigatethe influences of different disc surfageometrieson thetest resultsAlto-

gether sevemodified discs are tested by using these three vehicles: one for the front

left brake of vehicleA, two for the front left brake of vehiclB, one forthe front left

brake of vehicleC, and three for the rear left brake of vehi€@eThe discs tested by

vehicleB are displayed ifrigure4-10 and the oneasedin the tests ofehicle A andC

are shown irFigure4-11. Particulal vy , one ddbsordethi20ested
brake of vehiclec, wher eas all thé&d odtheer . di scs are

Figure4-11: (a) The dbc in the front left brake of vehicke, (b) thedisc in the front left brake
of vehicleC, (c) (d) and(e)thethreediscs in the rear left brake of vehide

4.3.4 Test setup

According to the definedlobal transfefunctions the sensorsaredistributed atcorre-
sponding positions othewheel brake anthe driver interfaceasshownin Figure4-12.
For the measurement of BT\{r&in gauges caliper brackets agpliedin the front and
rear brakes of vehicl€, whereas aVheel Force SensoWFS, also called Measuring
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Rim) from A&D compay™>*is usedvehicle A and B. The WFS measures the three
forces Fx, Fv, andFZ) and the threenomentgMy, My, andMz) atthe wheelwith refer-
ence to the wheel coordinate systdimprovides the wheel rotational speed andfot
tional angle informatiorms well BPV is acquired by a pressure transducer, mounted at
the vent hole ofhe brake caliper. Vibrations dhe brake pedalthe seat trackandthe
steeringwheelare gaugedwith accelerometerfronenoises near the juddering wheel
brake and near ¢h d r i v iasidé the vehicleare measured byondensemicro-
phone. The microphonebave beertalibratedwith a sound calibratofReten Electro-

ics Schallpegelkalibrator RQ 1p®efore usageThe calibrator generates a reference
SPL of 110 dBwith areferencdrequencyof 1 kHz.

\d , y

1. Wheel Force &sor 2. Pressure transducer 3. Accelerometer at caliper
4. Accelerometer at caliper brackes. Hall sensor 6. K-type Thermocouple

7. Capacitive displacement sensoi® Microphone near wheel brak® Accelerometer at brake pedal
10. Accelerometer at steering whekl. Microphone near drivéear 12. 3axis accelerometer at seat tr{

Figure4-12: Sensodistributionof the vehicle tests

Besides thequantities that & relevant for the investigation tiie highorder judder
transferbehaviors the surface geometrieat two friction ringsof the font left discin
vehicle C are measurebly four capacitive displacement sensofbe sirfacetempea-

ture of the modified discs iglso detectedby asliding thermocoupleThe wheel roa-
tional speed isuppliedby the WFS in vehicle A and B, butit is acquiredwith a Hall
sersor in vehicle C. In addition, the vibrations ofthe brake caliper andhe caliper
bracket inthed i sciraumferential direction are measured with accelerometers. Main
specifications of the applied sensorslatedin Table4-5.

133 A&D Company: http://wwwaandd.jp/products/dsp/wfs.html, accessed at 29.05.2016.
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Table4-5: Specification of the sensors used in the vehicle tests

Measured quantity

Sensor(producer, type)

Effective range

BTV

Wheel Force SenspA&D

+ 4.5 kKNm(M,)

BPV

pressure transducdfulite, HKM-
375(M)

0-70 bar

sound pressure near whe
brake and ng¢

microphones, Superlux, ECM999

20-20kHz, 0-128dB

brake pedal pulsation ang
steering wheel oscillation

1-axis accelerometeKistler, 8612B5

+5¢g

seat track vibrations

3-axis accelerometer, Kistler, 87664

+5¢g

caliper and caliper bracke
vibrations

1-axis accelemmeter Kistler,
8610B100

+100g

disc surface geometry

capacitive displacement sensor
Capacitec, HPA50H

0-250 pm, max. 400C

disc surface temperature

thermocouple, type K

0 to +900°C

wheel rotational speed

Hall sensor, Hamlin 55075

1 impulse per revolutior

4.3.5 Data acquisition system

Two compact QuantumxseeFigure4-13) from Hottinger Baldwin Messtechnik GmbH
(HBM)***are employedas the data acquisition system in the vehicle te§santumX
MX840A and QuantumXMX1601B are universal amplifiers, providing separately 8
and 16 individually configurable channels. Every channel supports over 15 different
transducer technologies and the QuantumX has the unique capability to acquire signals

from any analog sensor.

Figure4-13: (a) QuantumX MX840A(b) QuantumX MX1601RPicture sources: HBW

The twomodulescan beconnected together by Firewiaad synchronized through NTP
(Network Time Protocol)asillustratedin Figure4-14. The autput signals from the two
QuantumX are transferred #laptop via Ethernet and the data acquisitsaftware

used in the tests isafnan Easy, also from HBM.

154 HBM: http://www.hbm.com/en/
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- FireWire
— Ethernet
Ethernet-
Switch

Figure4-14: Synchronization of the Quantum@®icture sources: BM)

One essentiadvantage of #h QuantumX MX840A is that its first connector is cotapa

ible with CAN bus which allowsaneasy synchronization e WFS signals (CANbus
signals) withthe signals from other sensors (analog signals). The sampling rate is set to
4800 Hzfor all the sensorduring the testsBecause thenaximum sampling ratef ehe

WEFS islimited to 1000Hz, the outputsignalsof it (e.g. theBTV signal) are resampled

by the nearesteighbor interpolation algorithm.

This data acquisition system is algsedin all the othervehicle testsnvolved in this
work, for example, theomparison tesand the identification test #h.2.2

4.3.6 Test maneuver

Thevehicle tests are carried can the runway ofhetest track inAugustEuler-Airfield

as well Regarding thalriving maneuverthe test carsverealways speeded up withe
maximum acceleratiato a highestspeedhat ispermitted by the length dhe runway
andthen were immediately changed to the neutral gear, afterwards theydinesrty
slowed downto standstillwith the aimed deceletians. The test maneuvers for the
above mentioned comparison test and identification test are the same with this one.

The speifications of the brakg maneuveare listed inTable4-6. The nitial braking
speedsare between 160 and80 km/hdepending on the aimed decelerasi@and pe-
formance of thetestcars. 50 testshave beermonefor each configuration witkarious
decelerations from 0.1 to Ogl Thermal effect is not necessary the modified discs
SO each tegs startedrom an initial disc surface tempeuae ofabout50 °C.

Table4-6: Test maneuver of the vehicle test

Variable Value

Initial braking speed 160 t0o180 km/h
Deceleration 0.1gto 0.4g
Initial disc surface temperature 50 °C
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4.4 Methodology for subjective rating

4.4.1 Subjective evaluation system

Because the vehicle acoustics and the human response to noises have already been well
i nvestigated, the critical values of SPL
research on the general vehiaiéerior noise level, the masking characteristaosd the
humansdé subjective perception of noise.

In order to determinéhe perceptionthresholdvalues of theaccelerationst the driver
interface subjectiveratings areexecutedduring thevehicletests. The subjective evalu

tion system(Table4-7) is establishedbased on the-Revel evaluéion systentraditiond-

ly used in the automobile indugtit consistsof 10 scales and each scale corresponds to
a subjective scordhedescriptions operceptiorareafterthosein Table 3 of VDI 2057
Part £°°and the descriptiaof comfort are after thosa Annex C of ISO 26311*°°

Table4-7: Subjective evaluation system

Criterion **’ Description of evaluationt® | Description of perceptiont>**® S::rjsctlve
currently optimal not perceptible 10
very good threshold of perception 9
Vehicle good just perceptible 8
in industry still good easily perceptible, 7
standard not uncomfortable
. easily perceptible,
satisfyin 6
ying threshold of comfort
- il tible,
sufficient eag y perceprbie 5
alittle uncomfortable
- I ible,
deficient stl.rong y perceptible 4
fairly uncomfortable
Vehicle bad strongly perceptible, 3
under industry uncomfortable
standard t I tible,
very bad extremely perceptible 2
very uncomfortable
extremely perceptible,
totally insufficient X yP P 1
extremely mcomfortable

135Dl 2057 Part 1, 20099, p.25.
150150 26311, 19970501, p.25.

157 ¢f. Schlecht: Minimierung der Schwingungsempfindlichkeit, 2012, p.47.
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4.4.2 Subjective rating strategy

Subjective ratings have been conducted for all the driving tests of the three vehicles
(vehicleA, B, andC) with the seven modified discs, and for the vehicle tests of the rear
brake withanormal brake disc and NAO pafitem the comparison test.

The subjective evaluation strongly depends on the traiming experiencef test pe-
sons. Evaluators must well know how to apply values of a rakimgrefore, onsidering
the large number ofehicletests, onlysix personswvho havegoodknowledge aboutot
judder andthe characteristics othe vibrations caused Wyrakejudderhave performed
the subjective ratingBecause one or more peaks could be clearly perceived during one
braking processtwo subjective scorewere given for each test: one for tlstrongest
vibration peakthe other for thgeneral vibration level during the whddeaking period
aside fromthe peak Vibrations ofthe car body, brake pedahnd steering wheetbere
separatel rated by using the same evaluation sysslmwnin Table4-7. The subje-
tive evaluation has been focused on the {agler judder inducedibrations. Distul-
ances from stochastic road excitations were subjectively excluded as far as possible.

4.5 Order analysis of hot judder

Order analysis is one of the most important methods used ifoltbeiing chapters
Therefore, eme definitions andphenanena related to the order analysis of hot judder
are collectively clarifiedn this section as a universal methodology

45.1 Definition and clarification of the dominant order

The dominant order of hot judder is sometimes neither the same among different cha
acteristic parameters, nor consistent duringeh@rebrakingapplication For example,
Figure 4-15 shows a result of the rear brake with the ECE pads in the drag braking
application of the brake dynamometer test.

High amplitudes can be found in thé" to14" orders of BTV, BPV, DTV and.RO.

But there is no single order that is always bigger than the other orders. In order to have
one unique dominant order for each signal, only the order that has the maximum ampl
tude during theentirebraking time is defined as the dominant order. By tefinition,

the dominant order of BTV, BPV, and LRO is thé"ttder, whereas the dominant order

of DTV is the 12 order inFigure4-15.
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4.5Order analysis of hot judder
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Figure 4-15. Order analysis of drakedynamometedrag braking application with 22&n/h
and 100Nm (equivalent to 10 bar), the rear brake with the ECE pads in the comparison test

In order toclarify the discrepancy of the dominant orders anddbeurrenceof the
adjacent orders, a thermal image of one-dation at the braking time of 30fom
thistest is shown ifrigure4-16. In this test, theedmperaturevariationis much bigger at
the fingerside friction ring than that at the pistside friction ring but not always so
for other tests). 12 hatpots are clearly to see at the fing&te fiction ring, but the
number of hot spots at the pistsitle friction ringcanbe counted as 11 or 12. Besides,
hot spots generally disbute at alternatingpositions on the two sides, which explains
why theamplitude ofLRO is bigger tharthatof DTV for the dominant ordeBut the
distributions on both sides are not absoluteljnbgenous.n order words, the distance
betweerevery two neighbouringot spots are n@constanwalue
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Figure4-16: Hot spots on the rear brake with ECE pads, drag braking with 225 km/h, 100 Nm
correspondingo t = 30 s ofFigure4-15
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4 Test methodology

For the same rotation, the temperatuagiationson both sides of the disc at the same
disc radius marked by the two black solid lined-igure 4-16 are displayed irFigure

4-17. The antiphase effect can also be seen from the two curves of tempeesaiare

tion. The order anaBes of the temperatuneariatiors (peakto-peak value)ndicatethat

the 11" and 13" orders are stronger than the other orders on the piston side, while the
10" to 14" ordersare obviously greater on thimger side for this rotatiornThe wneven
distribution of hot spotgenerally explains the emergence of the adjacetdrsras well

as the discrepancy of the dominant orders among DTV, LRO, BPV, and BTV
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=
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Figure 4-17. Temperaturevariationsat the disc radiusmarked by the two black solid lines in
Figure4-16 andtheir order analyse

4.5.2 Mechanism of adjacent orders

As discussed above, unevenly distributed hot spots can leadjaoent orders of the
dominant order. However, adjacent orders can also be indud@bbgrmal hot spots
that are obviously stnger or weaker than the otheust spots, as well as by someapa
ticular patterns of hot spots forming Amplitude Modulation (ANIhe mechanisms of
the adjacent orders caudeylthese circumstances are clarifisdoughorderanalysisof
correspondingrtificial signals in the following.

Uneven distribution of hot spots

In the thermal imageshé occasions that the distan@song some hot spots are-ev
dently broader (broader hot spots) or narrower (narrower hot spots) than those among
the other hot spots cdre frequentlydetectedThe situations of uniform distribution of
tenhot spotsponuniform distribution with two broder hotspots (one hot spot is rsis

ing in comparison with the uniformly distributéeh hot spots), and neaniform disti-
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4.5Order analysis of hot judder

bution with three narrower hgpots (one extra hot spot in the middle of two hot spots)
are separatelynitatedby:

y(/ ) =100sin(10/ ), 0¢ j @ (4.5)

(/.)_;e1005in(1¢ ), @ j ¢04p 08 p¢ j@
y _:'1005in(5 ), 0.4p< £ 0.8 p

., _€100sin(1g ), Gr j ¢1.2p 16 p¢ j@
Y =1 00sin@s ), 1.20<£ 1.6 p
The three signals and thairder analyseare showrFigure 4-18. Only the signals of
one disc rotation are given by the three equations above and the number of hot spots is
simulated by the number of waves per disc rotatitois. evident that although ¢éhnum-
bers of hot spots are different, the dominant orders of these three signals are dll the 10
order, which is the dominant frequency of the signals. ifliatesthat the dominant
order of hot judder is not always corresponding to the number ofplatsé. Besides,
both broader and narrower hot spots can lead to adjacent orders. Speci@ioaly,
adjacent orders are mainjeneratedy the broader hot spots, whereas higher adjacent
orders are chieflgausedoy the narrower hot spotk both caseshe amplitude of the
dominant order is reduced, comparing with that of the uniformly distributed hot spots.

(4.6)

4.7)
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o T [
s A 2
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= I ATE A =
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1 1 L 0 — —
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100 1 100
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° °
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Figure4-18 Mechanisms of the adjacent orders caused by uneven distribution of hot spots

Abnormal hot spots

Similarly, the signals of teaniform hot spotsten equally distributed hot spo#sth two
stronger ones or two weaker orzge separatelgimulatedby:

y(/ ) =100sin(10/ ), 0¢ s @2 (4.8
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_¢100sin(19 ), & j ¢08p 1.2 p¢ j@
_:'ZOOsin(lgb ), 0.p<g 12 p
_¢100sin(19 ), & j ¢08p 1.2 p¢ j@
“130sin(1g ), 0.80< £ 12 p
The signals and thearder analyseare displayed ifrigure4-19. Both lower and higher
adjacent orders ageneratedy the two kinds of abnormal hepots, with the stronger

hot spots intensifying and the weaker hot spots attenuating the dominanteseey.
ples of the narrower hot spots and weaker hot spots are attachégluneB-2.

y() (4.9)

y( ) (4.10)
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Figure4-19: Mechanisms of the adjacent orders caused by abnormal hot spots

AM of hot spots

Figure4-20di spl ays a t her mal i ma g €8 ltoshiowsocleee t e st

ly 11 or 12 hot spots on both sides of the brake disc. However, the hoasgaslisc

positions of approximately 88 to 50 and 180 to 280 are obviously stronger than
thoseat he ot her regions. Due t o AMlisdornfed. e gul ar o

138 Fischer et al.: Ordnungsanalyse von HeiRrubbeln, 2015
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Figure4-20: Thermal image of one drag braking application with 225 km/h and 250 Nsn, 21

The thermal variations at the two disc radii marked by the two Isak# lines inFig-
ure4-20 and their order analyses are showrrigure4-21. In order to demonstrate the
AM caused by this hedpots pattern, thénermal variations are imitated by the modula
ed signals composed af f @ 2 d eamier signa(simulating the 12 hot spotand a
fi o r d madwationwaveform (simulating the two regional intensifications):
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Figure 4-21: Thermal variationsand order analysesf the thermal image and the modulated
signals
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The modulatedignabk and their order analysasealso added irrigure4-21. For both
original signals and modulated signdle values in the figures of the ordmalyses are

all peak to peak value$he forms of the thermal variation curves evaghly followed

by the modulated siwls In the case of AM, two adjacent orders are induced and they
are symmetrically distributed around the order of the carrier l9ijna, with aninter-

val of the order of the modulation wavefo,_aon:

Nogacent = N camer °N (4.13)
Taking the two modulated signals in equation 4.13 and 4.14 for example,"tlend0
12" adjacent orders are producedth their amplitudes equal to the amplitudes of the
modulation waveformsBesides, ince both the amplitudes of hot spots and the distan
es betweemhot spotsare not uniformgenerallythe 9" to 14" adjacent higher orders are
induced, which can be seen from the order analyses of the thermal variatibgsren

4-21 and the order analyses of BTV, BPV, LRO, and DTVigureB-6.

modulatior

4.5.3 Mechanism of lower-order hot judder

Regional thermal increase

In some disc brakes, the macroscopic hot spots are not easédexcitel. Instead, the

hot judder effect is mainly reflected by the thermal increassome specific regions of
the brake disc. For exampleigure4-22 gives the evolutiomf the hot spotgat 10, 20,

30, and 40 s separately) of thient brake used in the comparison test during one drag
braking applicationThermalgradientsin the region from about 200 7C in the ci-
cumferential directiorfirstly emerge on the brake disc surfaces, and #dreyalways
much stronger than the othexgionsduring theentire braking processSome maa-
scopic hot spots only become visible after a very long braking teetlfe thermal
image at 4G, for example). In such circumstanciég thermalariationsare dominant
with the lower orders.

For examplethe thermal variations at the two disc radii marked by the two black lines
in the 30s thermal image dfigure4-22 present mainly theto 39 order(FigureB-5).

Hot judder of this brake is dominant with lower orders, whaldocan be seen from the
order analyses of BT\BPV, LRO,and DTV from the same te@tigure4-23). Gener&

ly, the £'to 4™ lower ordes are much stronger théme higher orders.
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Figure 4-22: Thermal image of one drag braking application with 2&8/h and 10 barthe

front brake in the comparison test
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Figure4-23: Order analyses of BTV, BPV, LRO, and DT#tag brakingof the front brakevith

225 km/h and 10 bar

Superposition of lower and higher orders

In some cases, although a high number of hot spetexcited the average tempeer
tures at some regions are higher than the other regions. As a resudmperature
variatiors arethe superposition of lower and high orsle®till taking the test irfFigure
4-20 for example, theveraggemperatures at ¢ndisc positions of 3300 5¢° and 180

to 280, which are also the positions of the stronger hot spots, are generally higher than
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4 Test methodology

those atthe other regions. In order &xplain this effect, twdi ' or der Gsarei gn al
separatelyadded to the ndulatedsingles in equation 4.11 and 4, ¥hich are:

ypiston(/' ) =43sin(2/ +0.2 (4.14)

yfinger(/' ) = 26S|n(2/ +02 l( (415)
Consequentlytwo imitating signals areormed as

ypiston(/):(15 H40sin(/ ©.29) sb(11l,/ 1.¥ b 526 43sin(2 j 0). (4.16)
yﬁnger(/):(lz 480sin(/ 0.2 p) sio(11 / 0F Y 508 26sin(2 /0. (417

The thermalvariationsat the two disc radii marked by the two black linegrigure

4-20 and their order analyseas well as the imitating signals and their order analyses

are shown irFigure4-24. ComparingFigure4-24 andFigure4-21, generally the imita

ing signals fit the original singles better than the modulated sighaifther,since the

average temperaturesthe disc positions of 18@o 280 arebasicallyhigherthan those

at the positions 083°to 5, t he original signadabsdehoul d a
signals.This is the reasofor the 1% order of the original signals¢eFigure 4-21 and

Figure4-24).
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Figure4-24: Thermalvariationsand order analysgpeak to peak valuegf the thermal image
in Figure4-20 and the imitatingignals

4.5.4 Harmonic orders caused by the modified discs

The surface geometried the modified discs are machined in rectangular forms instead

of sine wavesBesdes the rati® between the crests and troughs are not constant at

di fferent di sc radid. for som® oirder RARD0 ma
DTV disc of vehicleA for the radius marked by the dot dash Is80% : 70 % (Figure

68



4.5Order analysis of hot judder

4-25). From the order analysis of this rectangular signal, it is clear that besides"the 10
order, higher harmonic orders of"2@Bd", 40, 5¢' and even higher order are induced.
Althoughthe anplitude of each higher harmonic order is dependent on the forms of the
disc surfaces which arehangingduring braking and on the ratdetween the crests
and troughsevidenthigher harmonic orderespecially the 20 and the 38 order are
induced inmost ofthe tests with all the modified discs.

(@) Signal of One Disc Rotation () Order Analysis
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Figure4-25: (a) The 10Qum DTV disc of vehicleA and(b) the simulatedurfaceform (rectan-
gular signal and its ordeanalysis
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5 Transferability from dynamometer test to
vehicle test

5.1 Evaluation strategy for comparison test

Vibrations atthe caliper andthe caliper bracket are strongly influenced by som®+es
nance frequencies in the thrigges of tests, especially in the vehicle tests. Amplitude,
frequency and dominant order of the vibrations are not comparkiégefore, only
BTV and BPV areemployedas comparison parameters. Specifically, order behaviors of
BTV and BPVwill be used as galitative comparison criterigrand amplitudes of the
dominant order®f BTV and BPVwill used as quantitative comparison criterion.

Brake judder is actually always a combination of cold and hot judder. In ordemto co
pare the behaviors of hot juddémnge cold judder effecheeds tdoe excluded. For this
sake, evolutions of the first order atie dominant orders of BTV, BPV, LR@nd DTV
duringadrag braking application (the same test as showigare4-15) are displayed

in Figure5-1. The lower parts that appear immediately afterbeginnirg of braking
are caused by @b judder. The higter parts aréhe thermal effects that are attributed to
hot judder.The hermal increases from the cold judgertionto the maximum ampl
tude as marked by the arrowsFigure5-1 will be adoptedor the following amplitude
comparisos.

2 BTV 15! Order os BPV 1%! Order . LRO 15! Order . DTV 1% Order

e
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Figure5-1: Thermal increaseof brakejudder during alrag baking application with 22%&m/h
and100 Nm, therear brake with ECE pads
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5.2 Comparisorof the front brake

5.2 Comparison of the front brake

As seen from dest resulof the front brakeshown inFigure4-23, high amplitudes are
mainly the lower orderi thedrag braking aplications, br examplethe 1% to 3" order
of BPV and LRO,and thel® to 5" orderof BTV and DTV in the demastrated tst.
Althougha fewbig orders camlsobe found in somsignals(e.g. the 13 order of BTV,
10" and 18" orders of DTV inFigure4-23) of certain tess, hot judder of the front brake
during drag brakingis mainly indicated byhe thermal increases dhe lower orders,
especially thdirst threeorders

During stop brakinggevidenthigh-order hot juddeiis occurring innone of thetests
(bothdynamometer and vehicle tests) with the front brake majororders are geme

ally the £'to 4" ordessin all the tests (seBigure5-2, for exampé). However, the do-

inant ordervaries, ot only betweerthe brake dynamometer tssand road test but

also among the dynamometer tests or among the road tests. Still taking the tests in
Figure 5-2 for example, the dominant order tife brake dynamometer test is the first
order, whereas the second order is the dominant order wrekigeroad test. Although

both tests werexecutedwith the same initial braking speed, deceleration and initial
disc surface temperature.

BTV Brake Dyno BPV Brake Dyno

-
o

Timeins
-
(-]
Timeins

o

|
50 100 150 200 250 300
Frequency in Hz
BPV Road Test

50 100 150 200 250 300
Frequency in Hz
BTV Road Test

Time ins
Time ins

50 100 150 200 250 300 50 100 150 200 250 300
Frequency in Hz Frequency in Hz

Figure5-2: Comparison of BTV and BPV ordeo$ the front brake duringtop braking from
225km/h to standstill witlD.3g and an initial disc surface temperatur€60 °C

Becausdhermal increases of BTV and BPV are very small irttadltestsof the front
brakewith the initial braking speed of 175 km/bnly the test results wittthe initial

braking speed of 226m/h areusedfor the amplitude comparisoAs a result, hermal
increases of BTV and BPYf the dominant orders are comparedHigure 5-3. Alt-

houghthe tendencies of thermal increases aimilar between the two test typelsot
judder intensity is generally much stronger in the brake dynamometethastthat in
the vehicle road tests
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Figure5-3: Comparison otthethermal increases of BTV and BPV, stop braking applications of
the front brake, from 225 kmihith aninitial disc surface temperature 200°C

5.3 Comparison of the rear brake

5.3.1 Drag braking application

The rear brake is dominant with highenders in all the drag braking applications-ca
ried out atthe brake dynamometgisee one example iRigure 4-15), andthe higher
dominant odersarealsoreproduced in the vehicle drag braking temsformedat the
chassis dynamometddominantorders of BTV and BP\from the 9" to 15" orderare
observedor the twotypes ofbrakepads.Hence, for comparing the hot judder behaviors
of the rear brakén drag braking applications, thermal increases of BTV and BRV a
plitudes ofthe higher dominant order as well as the higher dominant order of BTV are
taken into account.
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Figure5-4: Comparison othe thermal increases of BTV and BRPAhdthe dominant orders of
BTV, drag braking applications dherear brake with ECE padsrried out athe brake dym-
mometer andhe chassis dynamometerom 100to 500°C
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Figure5-5: Comparison othe thermal increases of BTV and BPAhdthe dominant orders of
BTV, drag braking applications of the rear brake viWtAO padscarried out athe brake dym-
mometer andhe chassis dynamometerom 100 to 500C

Results of the two types of brake dynamometer tests (with constant pressure or constant
torque) and the two test programs of chassis dynamometer tests (in the sequence of
rising velocity and pressure or in the adverse sequence) regarding tpaitswad brake

pads are respectively shownkigure5-4 andFigure5-5. The BPVvaluesat the brake
dynamometer for the tests with the NAO pads are namshller than the vehicle test
results, so they are nshownin Figure5-5. From theresults in thewo figures, follav-

ing conclusionganbe drawn:

1 Comparing the two differentontrol methods athe brake dynamometer, BTV
and BPVbehaviors of the twgairsof pads show great discrepancies in many
operating points, not only for the amplitudes but also for the domindetsor
This is trueespecidly for the testswith the ECE padsHot judder behaviors at
thebrake dynamometer are strongly influenced bycthrrol methodwith con-
stant pressure avith constantorque

1 Regarding théwo testprograms athe chassis dynamometer, thermal increases
of BTV and BPV are basically reproducible. Amplitudes of BTV and BPV are
comparable at most operating pointstloe both padsSequence of the tesbn-
ditions does nashowevidentinfluences orthe hot judder intensity

1 On the whole, hot judder intensity is much stronigethe brake dynamometer
teststhanthat inthe classis dynamometer vehicle testisencomparirg the am-
plitudes of BTV and BPV. Considering the similar hydraulic syssem the
brake dynamometer and the vehjdlas effectis most likelyto becaused by the
different cooling rate®f the brake discs (the cooling rate in the vehiolas
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5 Transferability from dynamometer test to vehiclé tes

higher than that in the brake dynamometer in the tests performed under the same
testing conditionsdr the differentsupporting stiffness dhewheel brakes

1 The dominant order of BTV is not constantthe testswith both padslt vares
not only amongdifferent operating poinidbut also amongarioustestsat the
same operating point. Besidesyme phenomena exhibited in the brakeadyn
mometer testsonductedwith constant brake torque are neither reproducible in
the chassis dynamometer tests, noradpcible in the dynamometer tests with
constant brake pressure. For examile constanfrequency phenomenan the
tess with the ECE padgthe judder frequency keeps constanhderchanging
velocities, e.g. 175 km/h witlthe 14" order, 200 km/h wittthe 12" or 13" order
and 225 km/h withthe 11" order all happemround 340 Hz, see the dotted line
in the third plot ofFigure 5-4), andthe corstantorder phenomenom the tess
with the NAO padqthe judder order keeps constambhdervarying velocities
seethe dotted line in the third plot #igure5-5).

5.3.2 Stop braking application

Generally hot judder is more likely to be excitedtlie drag braking applicationde-
cause there is higher thermal energy input ineolitake disc by longer braking with a
high constant rotational speed. One example ofdhe brake testesultswith the ECE
padsin the three types of stop braking appiicasis shown inFigure5-6.

BTV Brake Dyno BTV

Timeins

50 100 150 200 250 300 350 400 450 500 550
Frequency in Hz

BTV Chassis Dyno

Timeins

50 100 150 200 250 300 350 400 450 500 550
Frequency in Hz

BTV Road Test

Timeins

50 100 150 200 250 300 350 400 450 500 550
Frequency in Hz

Figure5-6: Hot judder behaviors in the stop braking applicatiointhe rear brake witthe ECE
padsfrom 225km/h and 200°C with 0.3g

Although they are all dominant with the lower order¥ {d 5" order), some peaks
around the frequency of 34 are visible in the brake dynamometer test. By this
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5.4 Resultof the modification test

phenomenon and the aiantfrequency phenomenon of the drag braking applications
executedwvith the ECE pads, it is speculated that hot judder of the rear brake is closely
associated with a resonance frequency at abouH34h addition, byfurther compa

ing the thermal increases in th@ver dominant ordewof BTV and BPVdisplayedin
Figure5-7, it canbe concluded thdtot judderoccurringpropensityin the three kinds of
testsis: brake dynamometer test > vehicle chassis dynamometer\ekicleroadtest

BTV Comparison BPV Comparison
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Chassis Dyno Chassis Dyno
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Figure 5-7: Comparison of BTV and BPV amplitudes, stop braking applications of the rear
brake with ECE pad$;om 225 km/h with arnitial disc surface temperature 200°C

5.4 Results of the modification test

In order toexaminethe influence of the stiffness of knuckle adaptertba hot judder
behaviors thermalincreasef the dominant orderand the dominant ordeof BTV,
BPV, LRO, and DTV are comparefdr the test resultby using the two adapterSigure
5-8 shows the comparison tfie thermal increased he test resultef the drag braking
application with the two test programs (constant @@®, orconstant torquepre
shown Although there ar great discrepanciessome operating pointthe dependeng
of thermal increases on the adapter stiffiesst definite
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Figure5-8: Influence ofthe knuckle adapter stiffness hot juddeintensity
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5 Transferability from dynamometer test to vehicle test

In order to indicate the dependency, discrepancy of the thermal increase is calculated by
using Equation 5.1 and displayedrigure5-9.

(Xstiffer - Xﬂexible)
Xstiffer + Xflexible) / 2

Discrepancy = ( ( x=BTY BPY LRO DT (5.1)
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Figure5-9: Dependency of thermal increasestioaknuckle adapter stiffness

Besides, the influence of the adapter stiffness on the order behaviors is also not uniform.
11-16 hot spots are generated in the drag braking applicabahshe dominant orders

are neithereproducibleamong the testwith the same adaptemder variougesting
conditions, nor reproducibleetweenthe tests with the two different adaptersder the

same testing conditior{seeFigureC-).

5.5 Results of the identification test

As main resultof the identificationtest, no evident highorder hot juddehas been
detected irall the wheel brakes othe four passenger cars. In most brakes, only low
order judder was found, as indicated by a test result of the front le& bfékehicleBo

in Figure5-10 (a). High order judder was only detected in the front left brake wfie h

cle Co, as shown irFigure5-10 (b). However, there was no single order that is always
remarkable at all frequencies in this brake. Some orders are only visible when passing
through the resonance frequencies of the vehicle. The vahimhel C mentionedhere

are the sme with those vehicl® andC used in the investigation of higirder judder
transfer behaviors.
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5.5 Resultof the identification test

( ) Vibration at Front Left Caliper Bracket
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Figure5-10: (a)Vibration at front left caliper of vehicl, from 180km/h and 18%C with 0.31g
(b)Vibration at front left caliper bracket of vehidle from 175 km/h and 20%C with 0.33g
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