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ABSTRACT

A two-degree-of-freedom model is suggested to describe basic dynamical behaviors of the
interaction between the pad and the disc of a disc brake system. Although a pad (and a disc) has

many modes of vibration in practice, only one mode of each component is considered. In this paper, a

linear analysis is performed by means of the stability analysis to show various conditions for the

system to become unstable, and is based on the assumption that the existence of limit cycle (this

corresponds to an unstable equilibrium point inside the limit cycle) represents the squeal state of the

disc brake system. The results of the stability analysis show that the damping of the disc is as much

important as that of the pad. whereas the damping of the pad only is considered in most practical

situations.
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force, p(v,): dynamic friction coefficient,
u, - static friction coefficient, N : braking

force, P : pressure, S :area), a: gradient
of the dynamic friction coefficient

E/A 134 A 12 3, 2003



2 AFEA RdE o83 Oaz Byela 28 Ao thdt @y gk #3 AF

A, AEE e AFES RS vdY 97
SAske Haae A% 9T 9A A SET
2= 702 w4 BT, Fig 1(b)olxe S
AG7t AEsh tizae Auisme $4E de
A & F Aok oA FubEAS w0l 4
Suo] la £9 18718 ARE HYAoleE
A srgt Bo 448 FRASE A 2
942 o 7kx HEgE 59 ¢ ¢ o B A7
dME IHAS 22 AY whEAS RdE AR
aH3l
Fig. 19] &5%84& t=3 2tk
mx+cx+hkx=F, =N (y4 —av,)
v, =V - X (1)
94 (e T8s 7o) Yed £ ok
mjé+(C~Na)x+/OC=N(MY—O!v0) (2)
92T 4 ()9 BAREAL Ge Puk
mA*+(c— Na)A+ k=0 (3)
£ A (3)e de A (4 2ok
1= —(c—Na)iVZ(c—Na)2—4mk (1)
m
2 (4T "c—Ne<0 & W A&go] BkdFHs
Hebdth(S, 29 A577F &9 g2 7R, oA
o slnlk, o) AFR7t el e A4 W Helo
A A2go] BRASHA sHoja A Ao WAy &
F UTE Jujgich b 2R SH, vl 7l
g FFo] FEFHL WdETE ReE o 2 F
At
o] Al=ge] b e mhEEd ofsf fud
=9 WY —No) ol N2"EE HHsA 371 Y8l
M AEel 93 wos dofolt At AL 2@

AR 2 &g 20 3 AL A
goh ey 919 1 ARk Ed2 HEs) fias
ole] EAEL TP e Wit

= 3 2 A3sA] Bils
wol elth webd tlsde) ARg v 2 A%

A mde) B4 B o
=

glo
N

Foll A =2 39

0.

3. 2A A =Yy ot oM

o Ao M, @A Frtto] 1 AFEAZN e H
txge] dste 189 Hle gtk I ol
w3 7ol A9 2 # Utk 2F AF2 FE
2kHz ~ 10kHzAtololA WAlstE w2 Fug 4
Solm dwrHoR st fi3a F9 AZHo
ofsfiA WA =W, dREE d= JF9 FFo
o} 72 31 Fug AL Aoyt B Aog
H7bE 2 917 wiEo|th, wekA, dwtd o =
Ho] BAN(damping shim)< FHAA szo)
7bel B AHYE st o 23y AF 2SS
FEY AES Az AHFHske Aol dAsA,
g2 Agald sy age] 9 dstHrE g
= Bt Qo B dFoMe dr®itie] oplgl
O2as vl Fo3A thEolxol tx, H@HP4lo
23 250 UiE x4 dAde] H F YL
BojFry,

o} taart o 7k (npae) 9
© 7H3AEQ vk wol) o)siM AAHT 7}
BZE 7R Aok 7Pgsid 2 AEA 52d
Fig. 29} 7ol vepd & itk

Fig. 29J4 &da 13} 2= H=9 (23 s
vterd o) Fig. 20 vebd Al2Ele] FHEA]L
g R meld & 2elE el

i~

=

[ed

[

e A

)

e

lo

[
rlo oft i

L

-
o =
W, |o oo i

e
re
-+
2
x
rir
B2
o}
lo
X
Ho
l.ﬂ
X
=
2
>
op
e .

o FulaAs RUg AT 3,
G =0 om olme) U &EE U

Iy o

ofr

ju]

=)

B
o

a %

]

F—Ann ™ NoPS
ko —Ff 1——4—;—1 FD/

QE:
Co [—
E v0+xd
2

N\

kz lhD X4

Fig. 2 Two-degree-of-freedom model
(relative velocity: vV, =v,+x4—x,)

FLSVUSBEE=2E/A 1348 A 12 &, 20039/ 905



NN E-EETF AL

o W9 ARE TEFHA o] ALY wEHE O o)z 4 (g)e A +at+a, A +a,d+a, =09
=3 2. 7k Bk of71M, A 22 (routh stability
. criterion) ¥ & AbLalE obAA sjAe 98 T
F/=N(,ux—av,)=N(,uS—au0)+Na(xp_xd) (5) 7‘:__!___0‘: HH%% o‘_j_% ‘}r: 9;1‘:]'
wEhA] FEHA AL ohgE 7o " i 1 a, a,|
- . .. a, a, 0
mi, +ex, +kx, =N (#S—af,jo)+NOt(xp -X,) aa,—a, 0
J a4
myiy + 6% +kyx, ==N(U, — o)+ Nox, —-56,,) (6) alz 2
22,3; -3,3,-3; ©
2 (6)8 tAl A4 sk v 2 L a3, —a; J
mX, +cx, — No(x, —x;) +k x, = N(i, —av,) o 7] 0l A,

my¥, +c,% —No(x, — %)) +kx, =—N(U, —av,) - (7)
4 d CI d 0 _m, (Cl _Na)+ml (c2 _Na)

1= >

Fig. 29 Al2d2 4 (7)o At Fig. 304 mm,
st o] thAl B8Y F gtk @rlolA, ulde e o _(a=No)(e, ~Na)-(Na) +mk, +mpk,
T FEOR ol Az ¥ & god sy 2 mym, ’
E s fdg Rolx tE shve AwhaAl _k(c,-Na)+k,(c, - Nax)
Fo Ay BEY goy SY8 98 Jrow B mm, ’
g 4 vk ol JHNEL F, 2 Fig 3 o = Kk,
vheRy e tomm,
Fig. 32 1AHTEA 29Xt A, &2 9
NEHE Jels Aol 7P Zos gaae  OIFh MERL ol AXLHE ted 22 2AS WS
o 4 9k obgA HAS 8 A (7)o EAWA Al o Bty SAIEUE, &F ASo] EAST
Ao e 7} X AZE 2 ), or
) a;<0,0r a, <0 or a;<0, or a;<0.o0r
detl A +C”ﬂ.«+k” Clz/l -0
5 = aa,—a3; <0 or
C21/1 A +6’22/1+k22 (8)
ajaja; —aja, —aj <0 (10)
o] 7)ol A,
—Na ¢, - Na Na 2 (1002 vhgo g she] g 22 g Al
T T =T 2ol gy AN Stk QoM AFE vbsh
Na k k, 7o), "Nadgol 71 588 Q203 "NeH2 93
— — ™M —
i T T Ao 2o BAE ANEZ WY o o Ui

Attt )M E AT, " Na/c,)). 283 OE A
e A2" AAE (my/my, kulky, co/c)l o

rN>(M avo) ‘F”lf.'N(”s'fv") & HFEE Nafc, 89 FolE 2AMS A4 4o
e T © 3 B 9ol BEE RASET Fig 45 N

m LE me | A gtz ARE( kI k) Al BAE HAETH
Lr’ l—x’ k> 804 RaxFo] T 7ZARES] oyt AT 9
P ¢ Fol FHEFE A2gE oS MgEde ¢ F 3

Fig. 3 Modified two-degree-of-freedom model

906 /R A2ZNNESesl=SF/A 13 F A 12 5, 2003



2 AFEA RS o] &% taz Beola 23 Ao I PP o) I A7

&
AN
ro
o
ofl
198
o
o\
N
S
R
&
I8
fe

o] Aol Igel Yebd 3 7ol Fig. 4914
of Axel wj§ fASE ARE dE F
N2 A8 A239 I§IFF
A 9ol FHart HE AL Rl
g} t23 g9 Byt dAFHE AL o T2
& < ok Fig. 4 9 Fig. 5914 vetd 232 RH,
g A xRS GHFEE CNa/coFE 1 B AR
dde A & 5 Aok ", F A3 E
ol7b & wj(<F 2v] ol Aolzb U )¢ AA
272 N9l 3717 A= "2 WAL ( ¢

o
B3

5 Unstable
<
% 1
05 Stable
% 12 3 4 5 6 7 8
kz/kl

(@) (my/my, cyfcy)

2 Unstable
<
% 1\/’4_
0% Stable
% 1 2 3 4 5 6 7 8
ky/k

(b) (WLg/ml, 62/36'1)

15 Unstable

0% Stable

0 1 2 3 6 7 8

kythy
(c) (my/my, c,/20c))

Fig. 4 Stability area(’ Ne/c," versus ' ky/ k")

3 o)un Aojok Ik AL T % vk oA
°R HTFHE NofeyRE N2de AF 3 A4
of Wate] wE AR FFAT(cfe,) % Mt
At 1 AFASE Fig 6o Jehiges o1l 2

A% BEJ N2 VHY A5E 28480
WA FFs el B A e,

T3 Fig 69 A3kE, FBgel AZe geby A
sHlo] B8 dANAE HAZT dol4 v 1
Y5 xS BREYH MY 9 AT
‘Nafe 0 tlSaFE AREOA TS %3 oAl o
$e 9 4 gom ED HEAL By 4Xa) 9

M gtakd W (cy/e) 2 Atstd

1o,
ke
* 3o

"Ne/c, 39
2
15 Unstable
<
,
08 Stable
00 1 2 3 4 5 7 8
nn/my
(a) (kQ/k1, 02/61)
2
15 Unstable
§ :
03 Stable
G0 1 2 3 4 5 7 8
my/ny
() (kylky, c3/3c))
2
5 Unstable
\g 1
03 Stable
00 1 7 8

3 4 5
nh/my

(©) (kylky. cyl20¢,)

Fig. 5 Stability area(’ Na/c," versus " my/m,")

SRaFUSSAB=ZT/A 134 A 12 5, 2003/ 907



3z .
&

A7 =

Q.
3

A

oo

Q
—a

?— .

2B} 22| efotop Fh(Fig. 6(a)9] 7hEZ 1'%

o AN ¢F Rtk HEA] Fojopnt ) o)

AzE 05 dgsEE ). IX Fig 4@)%  9ng o Zad, @R AFE F ol du}
Fig. 5(a)elA9] 2 A& wuslid ohgst 22 ‘ongRu Zud A2dge Bordeaxy A8 A%
Aol B T F AT S AR A LT o] wAT & ke A Andnh ot NP
ATk &, 91 Alzdlo] & A ASME 2N 294 UehyH, o] 3] Bl ous AlAH
2
8 Unstable
3
< /’/———
05—
/ Stable
O0 1 2 3 4 5 6 7 8
alcy
(a) (m2 my, k2 k )
2 2
s Unstable s Unstable
g <
S I —— S I ——
05 0.5
Stable J Stable J
)} 0
0 1 2 3 4 5 [} 7 8 0 1 2 3 4 5 6 7 8
C')/Cl CZ/cl
(b) (my=1.3my, ky="F) (c) (my=my, ky=1.3k)
2 l 2
ol Unstable & Unstable
\QT i
g
05 Stable Stable
4] 0
0 1 2 3 C_’?/Cl 5 [} 7 8 0 1 2 3 C’;‘/Cl 5 6 7 8
(d)Y (my=1.6m,, ky=F)) (e) (my=m,, ky=1.6k)
2 2
8 Unstable 15 Unstable
< | S
% 1 g 1
0s Stable 03 Stable
00 1 2 3 4 5 6 7 8 00 1 2 3 4 5 6 7 8
oK /ey
() (my=5m,, ky=Fk) (g) (my=m,, k,=5k)

Fig. 6 Stability area(’ Na/c;’ versus "c¢,/c¢; for various combinations of system parameters

=2E/A 139 A 12 3, 2003



2 AFEA Zdg ojg% yyig B

ol =4

Aol e Hgo JPol B A+

e —

Uk R R L
1, Azl wge] o U
@ U FEET Aow 1

|

(3) /‘]*@01 Y RN A 7] HAsM, e 2
< F 7MY A Ao 27HH,

min( ¢y, ¢;) > Na (ZHRAFF zol7t & o)

min( ¢;, ¢;) > 2Ne (X557 v]E)

A7l M, min( . )& F #E FAN #A2 s

P A

$o Ay 2AS BE A7 7

el Aol7t Suuch Fuj B WHol Azl 7}

 Ackn gkt Aotk E@ oldE AN B
5 [s)

S
o
o
X
> fr
[
Ho
22

e gopgsl A SE dut 7401@ PR
2SE WA AANE OAIAE s Hrg
F7H99) 9% BUe Teislop Ak AT % 4
ok
4.8 =

B g e Baola 22 489 /1EA o
AUZE oddlst] Astel 129 1 A%E TP

A2 2h4EA 240l ) 59k o) 29 3

S tzzsole) 4E 4§ vehd & Atk Ed
AEs tzdsels] sy FHUS EY FozH
e ST Aol YEASE BT G

A ors 21}%_1;_ _‘}’_@4 AN TS Eao g
AHEE mob s AR, A= taa
H T

2 %ol 7PsA

. =

N

2]

i)

o
l

5 o X EDalE
=SS5 =

o] BolA 7, 24 48 ARAINAAE T AE
wEsh 88 W WolA glojel @k SAL
o] Az esior dv)

£ dEg fad 3%
o1 ws Ao g
bzt tadelE Az
Aol gAY ¥ 4

9 O APAEY Y A
Ja

L

ru_u
o g m (>

8

_,d
il

o
tilo
o mo X HTU R off el B o MU 32 ofN

ol w2 o N

T
8 mlo
N
ot
;
rr
é‘:
_\9
E
1y
HJ
o
2
[o
E

7FA A ok ?&E}% 2 %Er«l 041‘%49% TrA} =5
=S . goz, B Ay At 24

249 JXé*é M SEREH HE ~F d4S

3 ol = QAT txd Hyo)d 23

o ZQas3l u?ﬂr% ?Jr opE wjAYFo] g &
: sick.

- rke o

2
o
)
N
B
¥
_Q
\—J
m0|
+ -

(1) Brooks P. C. Crolla D. A. Lang A. M, and

Schafer D. R. 1993, “Eigenvalue Sensitivity
Analysis  Applied to  DiscBrake  Squeal”
Proceedings of IMechE, Vol. C444/004/93, pp. 135
~143.

(2) Crolla D. A, and Lang A. M., 1990, “Brake
Noise and Vibration - The State of the Art”
Proceedings of 17th Leeds - Lyon Symposium on
Tribology, The University of Leeds, UK. pp. 165~
174.

(3) Earles S. W. E. and Chambers P. W., 1987,
“Disc Brake Squeal Noise Generation: Predicting
its Dependency on System Parameters Including

=&/A 133 A 125, 2003/ 909



oA g

Damping,” International Journal of Vehicle Design
Vol. 8, No. 4/5/6, pp. 538~552.

(4) North M. R., 1976, “Disc Brake Squeal,”
IMechE Conference on Braking of Road Vehicles,
Vol. C38/76. pp. 169~176,

(5) Ghesquiere H.. 1992, “Brake Squeal Noise
Analysis and Prediction,” Proceedings of IMechE,
Vol. C389/257. pp. 175~181.

(6) Earles S. W. E. and Chambers P. W., 1988,
“Disc Brake Squeal - Some Factors which In-
fluence its Occurrence,” Proceedings of [MechE,
Vol. C454/88. pp. 39~46.

(7) Lee Y. S., Brooks P. C.. Barton D. C. and
Crolla D. A.. 1999, "A Study of Disc Brake Squeal
Propensity Using a Parametric Finite Element
Model.” Proceedings of IMechE. Vol. C521/009/98,
pp. 191~201.

(8) Matsui H.. Murakami H., Nakanishi H. and
Tsuda Y.. 1992, “Analysis of Disc Brake Squeal.”
SAE Paper 920553, pp. 15~24.

(9) Fieldhouse J. D. and Newcomb T. P.. 1993,
“"An Experimental Investigation Into Disc Brake
Noise.” Proceedings of IMechE. Vol. C444/036/93.

pp. 145~159,

(10) Nosseir T. A. Said M. A. R, EL Nahas
N. S. and El Fetouh G. Abu, 1998, “Significance
of Squeal in Disc Brake Design,” International
Journal of Vehicle Design, Vol. 19. No. 1. pp. 124
~133.

(11) Popp K. and Stelter P., 1990, “Stick-slip
Vibrations and Chaos”, Phil. Trans. R. Soc. Lond.
A", Vol 332, pp. 89~105.

(12) Ogata K., 1970. Modern Control Enginee-
ring. Prentice-Hall, pp. 252~258.

(13) Jakobsen, J. 1986, “On
Railway Brake Squeal,” Noise Control Engineering

Damping of

Journal, September-October, pp. 46~51.

(14) Earles S. W. E. and Chambers P. W,
1985. "Predicting Some Effects of Damping on the
Occurrence of Disc-brake Squeal Noise,” ASME
WAM Proc. Dynamic Systems & Control.

(15) &&7, A71E, o4, 45, 2002, w2
710 2AREA A" A sl g @hY
P R AETVEFAI =T A12H AT I

pp. 502~509.

910 /=423 ESEHE=E8H/A 139 A 12 &, 2003



