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» non-linear equations of motion M =M" inertia

M{ + Bq+ Cq = fu(t,q,q), qcR" D =D"  damping

» linearization around q = 0

Mg+ (D+G)g+ (K+N)g=0

G = —GT gyroscopic
K =K" stiffness
N = —NT circulatory

> the ansatz q = ve?! leads to the eigenvalue problem
MM+ (D+G)A+K+N]v=0
» asymptotic stability
Re(A) <0 vaeC
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» ground resonance in helicopters [1]
> vibrations in paper calenders [2]
» brake squeal [3]

= friction-induced sound

= pure comfort problem in most cases

= does not affect main function

-
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Damping in circulatory systems
A simple example

» linear equations of motion
with

(10 (0 v (w0 (0 v
M=o ) o= (5 8) k= (0 8) o v= (0 0)

and RAYLEIGH damping
D =aM + K, a, b eR
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Damping in circulatory systems
A simple example

stability map in a-B-plane
»for a < 0.02 s~1, the stability of

2 =252 wl=15"2 v =04995"2 v =0.005s"1 o :
wi =25 wi=1s"% v S0 i the trivial solution strongly

depends on the value for 8

> for a > 0.04 s~ 1, the system wiill
be asymptotically stable for any

value of 8

> the effect of the damping

0 - 0.04 0.06  matrix significantly depends on
@ S

(1 flutter instability (2) asymptotic stability its structure
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Minimal model of wobbling disc brake
Introduction

> rigid disc rotating with constant
angular speed hinged in a spherical
joint

»two guided pins in frictional

contact with the disc

> assumptions:

= COULOMB's law

oy
bs=ds as pg

von Wagner et al. 2007 [4] " no sticking = equations of

motion can be linearized

\/‘ |
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Minimal model of wobbling disc brake
Parameter reduction

» equations of motion from Ref. [4]
Mg+ D+ G)a+ (K+N)g=0, a=(q,q)"

» rescaling the vector of generalized coordinates and the time
q—= qc(ia q — (gla QQ)T
t=1.T

qc,t. = const.

» rescaled equations of motion
M3’ +(D+6)d +(K+N)g=0, 2= (y

» reduction from 10 to 7 dimensionless parameters
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Dimensionless matrices
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- ® 0
M — iy
(5 o)

5 (dt +2d + Sl —%~Md"z>

— L udl dy
5 0 i 20 + %,ucfl
—\—(20 + Ludl) 0
K:( ke + 2k + 1 —3p[(2k — 1)l + 4]
—tp[(2k = Dl+4] k4 (1+ p?)l
N — ( 0 L2k + D1+ 4])
—+p[(2k + 1)1+ 4] 0

)

O = ~ (.101
N()T
h
| = — ~ (0.154
r
7 = 0.6
~ kr
k= — — 260
Ny
- kt
ky = —— ~ 48205
¢ N()’I“
~  dr§
d=— ~340-10"°
No
! N()T
-~
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Minimal model of wobbling disc brake
Decomposition of D

» Dimensionless damping matrix

k
D =D+ Z Oéjf)j a; >0 d; damping in the disc
J=1 d damping in the pins
L2 —ludl dy 0 2d 0 friction coefficient
_§“dl 0 0 d R 0 0 ' 1 thickness-radius ratio
COULOM;damping d;gc pins

» eigenvalues of MDGKN-system

)\i:/\i(al,a{g,...,ak) i:1,2,...,2n

Bt
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stability map in a;-a,-plane

0.6 . . > the trivial solution is unstable if

only CouLomMB damping is active

0.4 ¢ T (al — az — O)

> stabilization by adding
sufficiently high damping in the
disc and in the pins

0 0.2 4 04 0.6 » optimum point for a; and a,?

(D flutter instability (2) asymptotic stability
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maximum real part over «,

0.08 . , »increasing a4 (damping in the

disc) always stabilizes

»the optimum value for a,
(damping in the pins) is

Aot = 100

» optimum point in technically

relevant range?
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Minimal model of wobbling disc brake
Optimization of D

» optimization problem
min max Re(\;)
&4 (
S.t.
k
> a; =k —> constant total damping a1+ o = 2
j=1
Qmin < 0 < Qmaez = upper and lower limits 0.1 <a; <2

I

» optimization by Mathematica function ,,NMinimize’

= constrained nonlinear optimization

= Nelder-Mead method
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Optimization of D
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optimization results

non-optimized optimized
—0.02
=
‘“C-D/ —004F__mm _______ .
- /1
—0.06 } —23.5%
—0.08 :
)\1 Ag )\1 A3

»the maximum real part can be
reduced by 23.5 %

»the equilibrium state is more
stable with the optimized

structure of the damping matrix
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Minimal model of wobbling disc brake
Optimization of D

optimization results 5

5 Inon-optimizeld Ioptimized | N ‘ , ——
disc pins
» recommendation of the
I L optimization:
= damping in the disc |
= damping in the pins !
0 [ ]

a1 8%, €3] a3
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Summary and outlook

results:

» the decomposition of the damping matrix is also applicable to larger

matrices

» the stability boundary can be adjusted by scaling the different damping

matrices

»the optimization of the structure of the damping matrix stabilizes the

equilibrium state

still do be done:

»the transfer of the found results to larger models
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