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Abstract : Although there has been substantial research on the squeal noise for the automotive brake system, robust
design issues with respect to control factors equivalent to design variables in optimization, noise factors due to system
uncertainties, and signal factors designed to accommodate a user-adjustable setting still need to be addressed. For the
purpose, the robust design applied to the disk brake system has been investigated by DOE (Design of Experiments)
based Taguchi analysis with dynamic characteristics. The specific goal of this methodology is to identify a design with
linear signal-response relationship, and variability minimization. The finite element models of the disk brake assembly
have been constructed, and the squeal noise problems have been solved by complex eigenvalue analysis. Asthe practical
robust design to reduce the brake squeal noise, material properties of pad, disk, and backplate, thickness and geometry of
pad are selected as control factors, material properties of pad and disk, and the contact stiffness have been considered as
noise factors, and friction coefficient between pad and disk is chosen as a signal factor. Through the DOE based robust
design, the signal-to-noise ratio and the sensitivity for each orthogonal array experiment have been analyzed. Also, it has
been proved that the proposed robust design is effective and adequate to reduce the brake squeal noise.

Key words : Squea noise(2=%# -o]=), Disk brake system(lﬂiﬂ Hleol= A]2Hl), Complex eigenvalue
analysis(E-2~ 1173 &147), Design of experiment( & A1 g ), Robust design(771 2 Al)

LM E Ak, Belo]a Alzgle] AFAS A Fos

ol whet theFshAl FE A, Fa A s

AFeFe: Als Al vl 2= =(disk) 2k 3 =(pad) Al €]
xq;_oo_ =3 ;]Eﬁi o wAI A 71t} o] w), T] == 9} & H A Beo] 2 A sl (disk brake system)<] 73
== 0o ° o= =2 AR ' —
e Aol o] Aol ol el S Aol Zxl sel &, A% FHkRe] 1w} oA WAstE 2
s = Alo] o] A4 Fol o gk 7FH ARl A EkE 9wt . =
. ] _ ojzot), 23 o= ARk AlE Asols
Zeo] A8t HH, o]e} 2 FAde] Biola

& EAZE IARE, AR Aol A Bo]= Al
2d o] NS At 7= T8 o] Har 9l
]:}_1,2)

23 wolzo] BAF ATE Thda Fopol A

Alz="l o] 52 &9k A (dynamic instability) < ©F7]
A ApeFe] 2~ o] =(squeal noise) 7t A EHA

"Corresponding author, E-mail: sikwon@katech.re.kr

126



A= Yo Z|2kst H3j0|3 AB LO|= MZAS st 22 4

A AT glom, Sje] g 27152
D AAES 1D o) Q7 A
, Abdelhamid,” Mahajan,® Zhang,” Kung'® 5-<] &
o} o] vl 9% ARSI oG AFE 5
FE AT o] A= T2 2 o] 2E F4
7] g1% 58h4 o] 25 E fEa s S, B

oo

el R Aol A A o= A It
H =8 B3 Byo]la AlAEe] E2 EolAA]
gk o H S A4S

oo} o] 2~ wo|=e}l HG ‘?%% AT7EA
FE o, Beola Aad AAGA NN 2~
o= dSetal g oo IS VA=
thekst AW (design variable) 2 EEAA
(uncertainty)oll th3l Q3w XS F=8sle], F=

e R

FHL A | zre] whEA TS Al Zﬂ-ﬁ/]
4o gt #do] Fujge] uwle} DFSS(Design
For Six Sigma) 2 771 /4 Al(robust design) <} 2o] &
zwaxﬂa.ﬂ R AAGA el A arefshe] AlSE

m)"
ﬁ

= ge At FgEa 9l
T%”%l@ﬂ%ﬂ%@%]1ﬂw44%@ﬁ%
welste] ojw gl 2710 AR 87 sl A% AE

=A% g Ae BxpE Vel 5 9l

[e]

-2 d(finite element model) 711t &4~ 31H-X]
(complex eigenvalue analysis) X2 .
£ ntgo® txaa Biola Al2=dle] ATl
(signal factor) % th<F3tk A o] 1 X K(control factor), 2
-1 ZK(noise factor), & = (output response) < A 2 3}
o] 18] 7)) & W (design of experiments)°ll w2 4] S

FFaEtTh 2 F 2 o2 SN H(signal to noise ratio)

2 7H % (sensitivity) 418 F8lo] 2~ o] = A 7h
< 9 H Ao dANE =EF S = 7 A
£ TPtk

2. A3 LOo|= s el

B Aol A= B o] 2 A 28] Ak Ao A 2

1 Feteamd
01 Al 2=l ¢] 33kl W4 HlolH & v e
AnEle] ?‘*%Altalr HyperMeshS o] &
o} 21 & e ste] WA A H(node) T 8.4
(element) = A8 kAT 12] 31 Zbz}o] whEel] it
o Table 17} Zo] B AIR(E), =945 v(v), 9%
(p) 52 AFEA X|(material property) S F-7}3}<]
i1£x40] F3Q A dS :[L/H{S]_ 1:]— L3 Q AT
2 A Al T 2=e) 3= Abol o] HET S Z7to
31771 Aol 1l 1 f1 Aol & F AEH 843} 2
A= ASE‘G}@ O‘ﬂ FFo] Hadsk =& Alejgh
Foll dlshe] 5w A (hexahedron)

o U
fo :lo
by ol
ot FO

22 2= S{AM
kA A% 2Vt o] Tl 3k Fet e A dS
vl © & MSC/Nastran=- ©|-8-5f¢] o] 23 11f &

= 48 St Eat A4

Table 1 Finite element model of the brake parts

Shape | E (GPa) v p (kg/m?)

Disk © = 03 | 7200
Pad @ o 0.2 1450
Backplate | &0 | 210 03 | 7800
cdipr | &P | 175 03 | 7760
Housing oy 175 03 7760
Hub @ | 20 | 03 | 7800
rison | @ | 2w 03 | 7800
Baaing | @) | 2w 03 | 7800
Knuckle | gy | 210 03 | 7800
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Table 2 Mode analysis of the brake parts
M ode Disk Pad
(Hz) | CAE | Test | Error | CAE | Test | Error
1st 3100 | 3326 |6.79% | 3796 | 3769 |0.72%
2nd 6742 | 6948 |2.96% | 4784 | 4861 |1.58 %
3rd 8390 | 8475 |1.00% | 5377 | 5367 |0.19%
4th 9587 | 9447 |1.48% | 6006 | 5876 |2.21%
5th 10104 | 10672 {5.32% | 6964 | 7016 |0.74%
Mass
(kg)
Mode caliper
(Hz) | CAE | test | error | CAE | test | error
1st 1862 | 1788 |4.14% | 7451 | 7615 |2.15%
2nd 3785 | 3842 |1.48% | 7981 | 7977 |0.05%
3rd 5750 | 5725 |0.44% | 9147 | 9381 |249%
4th 6251 | 6195 |0.90% | 10592 | 10542 | 0.47 %
5th 7953 | 7981 |0.35% -

914 | 898 |178% | 039 | 042 |7.14%

knuckle

494 | 519 |482%| 556 | 554 |0.36%
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Fig. 1 Finite element model of the brake assembly
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The DOE Based Robust Design to Reduce the Brake Squeal Noise

™ o)z Azre] HA o) upe A P A
,,,,,,’, o2 T 8ME G skrh e i AFAIEH
L 7 <7
Systm (Disk Brake Assembly) ol wheh Al IR Lig(2" = 37) 2w ul A 3 (ortho-
— \@' y-ps —— gonal array) & AL-g-8to] S 23HE A4St
4 AoI QIR Fol A 22 1o] o] Aeh A 0.2 o Fol
'Y Hg Ao Rede WS o)L B 25
N FoR AR, ue] AR Z Hme) £% 2
P =K Sl | =i o A = o] &2
Fig. 2 P-Diagram for the robust design t=ae] ST, el BT, el S5
2o, A=e) 2 71, Hue] /f FL3rFoR
Table 3 Factor definition for the robust design
Variables Description _
Signa S Friction coefficient between disk & pad 4 _ 4 ¢
factor a B L I )
t——-ﬂ_:w — =
A Y oung's modulus of backplate _
B Vertical length of pad — 2 ’ a2 ‘
C |Slotwidth of pad Rrt”
Control D Y oung's modulus of disk
factor E Y oung's modulus of pad 'F - 4 53
F Slot height of pad —»|fe— A
G Slot angle of pad ¢
H Horizontal length of pad Fig. 3 Control factors for pad shape
. X Y oung's modulus of disk
g‘c’zf Y | Young's modulus of pad Teble 5 Control factor definition (* : base model)
z Contact stiffness between disk & pad Control Control Unit
level value
= *1 2.100E+5 MPa
31 AlselX
=izt i A 2 2.310E+5 MPa
Aol A= A B RIARE T A9} 9 = Afo] € 1 46.604 mm
mpEA G2 AASAT) AA 2Fake] A% A Tl B 2 50,604 mm
4= A BT} Al St ol whel v) e} H= *13 54-f°4 mm
N - . mm
/\]—O]‘Q] U]—Zel—ﬁ]_/r_‘i} ]:]-001:*5]_7." Eﬂﬂ'g —/l: 9»)\]:]' é O] C *9 3 mm
= Hl2a Bio]a Al &gle] ALE 2o WskE 3 5 mm
vhebuie) o] s} ro) v 2==is} s Ato] o] vha] L LI2SESS | MPa
- D *2 1.250E+5 MPa
27l B R Yyl s B o e ~4
S7h AgRR wasiele} ol 2 . T
el 27} Azra 5 Qs A AR 5 L 31502 | MPa
o Table4s} o] 35T o2 Aolst4th E *2 3.500E+2 MPa
3 3.850E+2 MPa
Table 4 Signal factor definition 1 05 mm
*
Level Value Unit F 32 115 mm
1 0.287 - ' mm
S 2 0.387 L 45 deg
: - G 2 67.5 deg
3 0.487 - *3 % deg
1 86.0 mm
3.2 Mo IX} H 2 92.0 mm
A TAT Bk A A R 2 e 3 20 U
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Table 6 Orthogonal array for control factors

S8 -HEE - S

Table 7 Noisefactor definition

A B C D E F G H Control | Control Noise Noise Unit
#1 1 1 1 1 1 1 1 1 level value level value
#2 1 1 2 2 2 2 2 2 1 1 125E45 1 1.069E+5 MPa
#3 1 1 3 3 3 3 3 3 2 1.181E+5 MPa
#4 1 2 1 1 2 2 3 3 N 9 1.950E45 1 1.188E+5 MPa
#5 1 2 2 2 3 3 1 1 2 1.313E+5 MPa
#6 1 2 3 3 1 1 2 2 3 1375645 1 1.306E+5 MPa
#7 1 3 1 2 1 3 2 3 2 1.444E+5 MPa
#3 1 3 2 3 2 1 3 1 1 3150542 1 2.993E+2 MPa
#9 1 3 3 1 3 2 1 2 2 3.308E+2 MPa
#10 2 1 1 3 3 2 2 1 v 2 3.500E+2 1 3.325E+2 MPa
#11 2 1 2 1 1 3 3 2 2 3.675E+2 MPa
#12 2 1 3 2 2 1 1 3 3 3.850E+2 1 3.658E+2 MPa
#13 2 2 1 2 3 1 3 2 2 4,043E+2 MPa
#14 2 2 2 3 1 2 1 3 7 ) 2 660E+4 1 2.527E+4 | N/mm
#15 2 2 3 1 2 3 2 1 2 2.793E+4 | N/mm
#16 2 3 1 3 2 3 1 2
#17 2 3 2 ! 3 ! 2 3 Table 8 Orthogonal array for noise factors
#18 2 3 3 2 1 2 3 1 X v 7
#1 1 1 1
2733k o, S = 0] Aol Bk Ao 1A= #2 1 2 2
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Table 9 benefit andysis of squeal index1

Base Optimum
ol A B [ [} 3 ¥ G H model model
: he = A 1 1
()« Baso Model i Miodi] {suggested] ¥ i Model (sobeciod]
® - opt (sumggestod) - Oph [ ) B 3 1
Fig. 4 SN ratio and sensitivity with respect to squeal index1 C 2 3
Control D 2 1
factor E 2 3
- ~ (level)
ol (o (e CYNe . § / e F 2 2
LA G 3 3
1 _'.r\ ‘B c . .o H 3 1
SIN rati Estimate - 20.625
2 L ratio
E CUEC N e // S / «\ (dB) ActuaTI 17.908 21.096
Benefit - 3.188
A B [+ 1] E H N
Factars Sensitivi Estimate - 68.99
S Ta——— ) -t e’g‘g;"ty Actua 65.036 67.80
Fig. 5 SN ratio and sensitivity with respect to squeal index2 Benefit - 2.764
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Table 10 benefit andysis of squeal index2

Base Optimum
model model
A 1 1
B 3
C 2 3
psr O O N
(level) E 2 3
F 2 2
G 3 3
H 3 1
. Estimate - 21.8
S”(\‘dg'o Actua 18.406 21125
Benefit - 2.719
Sensitivit Estimate - 75.102
E'EB';” y Actua 71817 73.844
Benefit - 2.027
2] Al e Fak QG e /%] A
o] A5 Faskolrt Table 119} Table 12 2+
7y Alz=8l ZEQl 2~ X132~ X 29] Ht
T} FEdAe gishe] 72 2 ey 24 dS v
W3k Zlo]t}, o] Z Faf A E AL A A w7 =
Bedof et HA REle] B 3fA| o] 55 &<l
gk 4= 1A} T3 Fig. 63 Fig. 7 -4 31-3] sf
AL 3 T g9y 165X A5 AV|E
Alarstth. o] 5 S8l 71 Ry 3 A Ko Al
A 2 QA 1A 3 B a4 4] A
EWnE FQlon, HAR AL 43t Tyl o
Aol A LFA] AFH7F Al YERERA] kol ]2
3 Byo] A Al AEle] A~ o= A7FS Bl &
T AT

Table 11 Average and standard deviation of squeal index1
S=0.287 S=0.387 S=0.487

" 71 ¥ 0 Yy 0
Base 7788 | 65.0 | 787.0 | 63.7 | 636.6 | 125
Optimum | 997.0 2.8 995.5 1.7 992.5 11
Benefit | 218.3 | 62.2 | 2085 | 620 | 3559 | 114

Table 12 Average and standard deviation of squeal index2

S$=0.287 S5=0.387 S=0.487

o Ty U P Yo P

Base 1693.1| 92.6 |1675.0| 105.2 | 14275| 77.3

Optimum |1997.0| 2.8 [19952| 1.3 |1991.3| 0.6

Benefit | 309.9 | 89.8 | 320.2 | 103.9 | 563.7 | 76.7
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