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Fundamental research on the suppression of vibrations appearing in sliding friction
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Figure 1.1 Coulomb friction.
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Figure 1.2 Stribeck curve.
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0x(®)|W x()

I )

<}

k

m
- |F
I

Rigid base
(b) 1-DOF system with sliding friction on static surface [13]
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(c) 1-DOF system with sliding friction on driving surface [14]

Figure 1.3 Relationship between 1-DOF system and sliding friction.
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Figure 1.4 Brake noises and their spectral contents [19].
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Figure 1.5 Structure of a wet clutch [20].
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DEEBREE L, Yy S —%2WHT 2720
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EEEERRBUL T 2 7k E LTiE, =l ic k-
TR — S B O R A 2 il 8 o - AL
I &k o THEEEZMEEZ RS &, BB
RaDED2E G2 RESTHIEVHI L
DIREIR N TS [31].

Velocity of
hub [m/s]

S/P In-plane
vibration [m/s?]

Acceleration of Acceleration of

S/P Out-of-plane

—o5L

1500
1000
500

-500
-1000
-1500

1500
1000
500

-500
-1000
-1500

bration [m/s?]

Vi

Time [s]

Figure 1.6 Vibrations in a wet clutch [24].
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Figure 1.7 Effect of friction properties on

the occurence of shudder [27].
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Figure 1.8 Influence of temperature on
u-V characteristics [34].
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Figure 1.9 Vibrations of friction force and
sound pressure appearing in a
friction belt [38].
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on p-V characteristics [47].
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M B I HE I D $lE T\ [46, 51-55], Figure .11 Eigenvalue analysis of auto-
(E) 74 /X—IcKEU BIRED motive disc brake [31].
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(b) Effect of u on the eigenvalue
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Figure 1.12 Structure of this thesis.
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Figure 2.1 Analytical model: 1-DOF system  Figure 2.2 Vibrations appearing in sliding friction.
with sliding friction [5].
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DDOMRIL/NT XA —=FIC K> TC, EBERDOETZRE S, KHEOUBEEOZERICOWT,
IRFfHZEAL & BEAE T % Figure 2.3 1R, 7272 L, MuhaEilz i L <otz £=0,
£=01&LTW5. EHFREXO—MHREROBFIRIEL T\E T EWERTE 5.
DLEX Y, EELIC X 2 HHIREBIOMHZE 2 72856, >0 ETNERVWI E1bh 5,

0.2 T 0.2 T 0.2 T 0.2 T

I8
£ 1
T
I8
£ H
T
s
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(a) (=0 (b) 0<¢<1
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Figure 2.3 Effect of { on the free vibration occurring in 1-DOF system with Coulomb friction.
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2.1.2 EERHDIFRZEILICSL SAHIRED

TN EEEZ LS ) 1A RS O MEHRE 1> Tid, 1930 4R Jacobsen]6]
% Den Hartog[7] 23, &kil: L 72 FIHICEE L 29120 U C RN 388 5 B § %
RERICOWTIRNL I LR oMED, INETHEL  DMEIRES LT3 [8-20]. %
D% 3, WHHRE)OFEZ Ko, IRIFIGEHRICN T 2§ X0 BEEOFE 2N ANET
b5, EH¥s, 6, Hong 513, Figure 2.1 T4 L 7% FHIASEE V CEKEI§ 2 3 b JEE#
AT LITBWT, ERITINIC ﬁz%ﬁ%ﬂﬁ®%%%%&1w684m,ik,%ﬁ%
&, BB T 2 T OMENEHR Y% b OHAICO W THHART W3 [17-18]. Tolstoi %
Sakamoto & (%, JEREARICEMIN I % 5 2 2B THRTE D, G Bt
DTIOHINC X » BEFRITIROIREHMEIN T 5 & & 2 WG L T3 [19-21].

F RN BEEIZ BT, Figure 2.4 128§ X 9 IZERENE O R ETZIR I D3 H 2 AR mifs
JEDSE R B SRR E) 3 2 55 I RIEF ORRIZS4E L 5, Licdio T, MBEE2E
B XE B3RS &, MlHREIORILAME S 415, Figure 2.4 (a) (3R 710) & iR
HroBHMEDEE L7 2 A%, Figure 2.4 (b) IZ3EF57 M0 H 1 E 2 #ik L T
[ OEBICEH L7 1 HfER, Figure 2.4 (c) 3B 7RO EBHEZ R L CHER RO
EECHEA L2 1 HRERTH S, 22T, 1 HHERICOWTU T ICBMAMICHENT

TEEN AR DEEMERIC B\ 2 BEMlRIE &, 2 BT % &, MEEMRICIER ¢ 2 |IEHFI WL, X
KD & 9 ICHN R EEYT W, L BINZAERED W, D 2 DDEDBEZ 605,

W=W+W, (2.20)
2T, BNAREYE, RISRT XIS THOEREBIRE D,
W, =k asinot (2.21)

ERE D, al I THOWIHMAICE T 2 TIEMED S MOE S, o BARBETH S, 72721,

0 x(®) —
- ,
m
'—
g ® =y
Rigid base Rigid base y P
. V
(1 —_— a _— . W
2]
(a) 2-DOF system with (b) 1-DOF system in the tangential (¢) 1-DOF model in the normal
Coulomb friction direction of contact surface direction of contact surface

Figure 2.4 Analytical model of forced vibration occurring in sliding system.
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o FRABIRDOMNDO E y F P & N OEKEIEE V 2 T,

w=2nf,=2nV/P (2.22)
ERED, 2L, 7—urERZRET S L, BENEIXRA LS,
F=F =uW=pW +kasmor (2.23)

R o feE ko B 273 H L 72 Figure 2.4 (b) 128 L 7221 8T 3 HEBh iAo #HE) 5K
&, A @2.1) 1 (2.23) ZRAL B E LS, PR OME x=x=uW,/k ZFHEL T 27
DI x¥=x—u W, [k, & BT, BERIUKHA 7 (=0, ) & BERICEN & (=k,/pka) ZHAT UL,
X UHEE) T REASIXAD k) IffRen s,

E"+28E "+ & =sinQr1

f=—C Q-9 (2.24)

2mk’ w,

CIXIREELL, Q BEIOLAIREIKTH 5. K (2.24) DRDE» 5, FHimEbY (T4 v
JARREIC 72 & 2 \IRDL) IS BT BAEENIRDIRENL, JHEIA I 2SIRIR & 7 % — A 7 iR
BHERUBSRE L CHEES, Thbt, EXRTBRRORMEEZ E=Asin@r+9) LB &,
R A, &R 0 1SS 2 25087 X — 5 DR RAD & 5 1okt 2 [1-4],
&:ﬁk9$+@mf’¢:4mu¥§
A (2.26) 12 & DR F 2 IRIFSE Bk & A AHISE FR % Figure 2.5 IZR7,
Xz, Figure 2.4 (c) IZ7 L 7 BRI 0 OB IO WCEH T %, s 5T,
my+c y+ky=W +kasin(wt) (2.26)
EET 5, KX (2.26) 1, WAMEZ DY 27DIBITE T IVICIE R WIREEZZE LN L
T 5, PR DIE y =y, =W/ k, ZIHEHE L T 27 DIT y*r=y-W, [k, & BT, ERICHFH 7 (
=w,t) ZEATIUE, BIOTHEBFERERXXD L) Ick 3,
y 420y +y =asin(Q,7)

[ -5 Q.- (2.27)

2mky’ T w

(2.25)

ny

2L, 0,03 y WA AOEA AR TS 5. K (2.28) BRI 5, —MII4 A AN
IR & 2 2 RHEIRB) L MUK TH 2 LAY 2, Thbb, EFRABERORME ¥ =
Asin@Qr+9) LB E, R A a &R o, (00T 2K § & EIOLAIREIE Q, ©
R RAD L ) IR D (5],

A, Q? L, 20Q)

7:\/(1—%)24(2&9),)2 ., @, ,=—tan m (2.28)

A (2.28) I & b i ZIRIFIGZ HFR %2 Figure2.6 12/,
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2 2C, mAEHREOIFNC O WTEZ THA S, Figure 2.5 & Figure 2.6 705, WELZ
RELTHILVANTHL 2L brd, Thbb, WERKEREL, HRIZNSS,
WIS T2 2 eDiFE LV, F7e, HRZEITZ27:012, 2 2<<1HL1IF L2 2>>1
ETHIEVERTHS. Tibs, BMERREZES, RABROHMOE y F 2K T 3,
bLLCIE, BEEELEC, EvFzRlT5IE2FE LW,

Ax [_]

Q(=w/wy) -]

Figure 2.5 Amplitude response curves and phase response curves of forced
vibration in the tangential direction of contact surface [1].

Ajlal-]

Qy(=wl("“ny)[_]

Figure 2.6 Amplitude response curves of forced vibration in the normal direction of contact surface [4].
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etaic, WENRB O —BRIc OV TR 2, RSO — BRI, X (2.24) 2K (2.27)
D5 % 0 L LFERGRA0—HE L FERoRoOMchEZons, Thabb, HHIRD
&5y & RAERBR Sy OMTH 5, —#ic, HHIRERS FRHEOREIC K DI L TERT
2 DT, iEHIRENR > D 2035 % . Figure 2.7 12, (a) B HIRENRS (RISt E=-1, £°=0),
(b) MWHHRENK Sy (WG E=1), (c) HHIRBIERSY & RHEHRENK 75 O AR ARE) (B4
£=0, £'=0) Zm7 [1]. Flgure 2.7 (c) ® & 9 12 HHIREY K 73 235K > T\ 2 IR E) 2 3R E)
EWES, F 7o, HHIREEZDNEE L, —E & %% > I RDLOYRE) 2 & HikE) & W5, 2 2T,
SRR E 5y B3 HAIRE) & 72 B

(a)

$[-]

(b)

$[-]

T[]

Figure 2.7 Transient vibrations (a) damped vibration, (b) forced vibration, and (c) total vibartion [1].
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2.1.3 BFERNDZEETILIC &S ERIRE

JEE 8 RE 1 3 Figure 2.8 1278 § & 9 7n BE 2 u(V-x)
RE DR LGGL (B DN EER ) 2 i 1 "
RTBOCRET 2 IRBIbH 5. 2 DR \ Aus
%, L12fiicil L 2 fplohrzuces % A
CHBH, TR BB 2 B0 R E
e EoTOMATEA Y, BEERKOE | S -
FEs5Al & v ) BEERME I, EAREICE W ()&(LV) (xz()) v
THEEDEC 22 AR § 2% Figure 2.8 Friction model with the depen-
SN2 2 - L THNS (23], %7, dence of the kinetic friction coef-

ficient on relative velocity [22]
EHioGATH-TDH, HENEHWVIZLE

BB D SLEC K O BRI O BEEMRBOME T T 2 5564 [24] ICBIN 5. (EEISRMFOfEZ —
EICR-72E LT, BEEREDSEESLORIEZ R THA, MARD & Lo B bl
UL ORHEE %2 2. Thbb, (EBMERICIEHT 2 BEETIIX

F=F(V-x)=u (V-2)W (2.29)
7% %, Blok i Z OFEBRRELZ RO REHL ) TRV T 2 2 & T, BEERRFE L IRER
£ DBIRZB 6 2T L7 [25]. Blok 1272 & > T, BEERE DML B A 2 SUBAL T 5 &,

_ A
u (V=5)= 1, (V) v (V)x (2.30)

rel

dEE R oA 2.1) 12X (2.29), K (2.30) #fRAL, X (2.5) DEERILRM v & HRILE
MEABATEHIET, XADLHILFLtDoN?,
&"+20 & +¢E=0 (2.31)

Cuir = 2\/_(C+ di (V)Wj (2.32)

22T, (o \FHERNREELL, Vi 3HEETH B, K (2.32) DIAMEZ KAD X ) 1TkiEd
j/LCi"

&= A, exp(A7) (2.33)
EA AR, XXk IHITET 3,
det(A-AI)=0, A{ _256“ (1) } (2.34)

[l A R 53R 0 5 1 5 [ fiE 1

ﬂ’z_geffi\/éfff_l (2.35)
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L% b, ROVHERICB Y 2LEEDHRNT OV TIE, BEEMHEDOELIIEDGE IZLE, &
DEABARELE R D, LIBoT, >0 DEHIILE, <0 DEAIIALELE RS,
ANLGE &7 56, Figure 2.9 138 & ) ITHRBY D IRIE 2395 BRI T 2 FEHARED 53
s, B0 SIREINZ IDMEH L T RRILICB W TUHRIEE AR T 2 2 &6, 20
HRE) 2 H RE) & 15,

Z OB Z NG 5 7o diTiE, PN ZLENMSE ZBERDH D, Lh>0 & TIUTR,
Taob, WHZNS LT, BERKZKECTI L) HitPRoN 2.

1 . 1 \
0 L 0
WA WN
-1 : -1
0 50 100 -1 0 1
T[] ¢ [-]

Figure 2.9 Time evolution and phase plane of self-excited vibration occurring in 1-DOF sliding
system with the dependence of the kinetic firiction on relative velocity.

2.1.4 BEEBHLEHERBNDEICEDATAIVYIRIYYT

RICATI SN B EELSK E TR, HEEI AR D BEE D ERBIH OEE B LDV T, AT 4 v
JIREEL 0%, ZD X ) IRILTIE, 7 — 0 VEEOBIEE T F X ) S EEET F, 050
REWTEPRAL THRET Z2IREBPHND., CORBZAT Ay 7 A v 7 EWRS R
T4 v 7 Ay FIZOwTIE, Bowden & 23 — §il @ Pin—on-Plate @ 925 T ¥l 7 [id] K
Bfj (intermittent motion) 12DV CEEEE BB 1 L D L KE W I L FEEDFRKTH
% [26] LR L TH 6, HE DMAIMEIN TS [27-39]. ZDMHIE, AT 14 v 7 R
Uy 7 eI IREIBRDS, TRRS T, /2 R oEES) [27-28] £\ ) A7 — )b
26, HIFRD & 9 e KEE7 L — t OMDNES) [29] & o ZHIERBIBIC R 2 £ T, AR 7 —
WO Te>TENL 7O TH 5,

AT A4y 7 Ay FIZOWTUU M2 509, Figure 2.1 12/ L7z 1 HEHEE§ XD BEE
AT LB WT, HEAERER (2.1) LD, BEETIICT —u VEEZRET UL,
TEBIAR IR T 2 BT I3 E BN (A & BREYI DO AHRREED & LT D 3 D DIREEDIH 5 [5].

F, whenV —-x=0 : stick state

F=1F whenV —x>0 : slip-Istate (2.36)
—-F whenV—-x<0 : slip-Il state
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2L, BB FTOWTE, DD ) AWVIZL > T T OHFTHEIZLD 5.

- (2.37)
22T, Fo ZERAEHESET), p 3 EERETH 5. BEHEN FICOWTIE, BIEER
B 2T (2.2) D& ) ITHRYE 5. ERERGRE & BRI

_MSW = _}?smax - F F ILLSW

e U, =const. when V-x=0 (2.38)
M, =const. when V-x#0

L, 7-aVEBERELTVLDT, u>u Ths, X (2.1) OEB ROV,

TR DOLIE x = xg = W,/ k ZFEAEIC E D, N (2.5) OMERTTIRG] ¢ & ERIUhLiE & 2 EA
R, AR ZXKAD X ) ICHERITULTE 5.

- stick state (&'=1) :

~(+2NA=2, =&, SEE,, =A-2 (2.39)
- slip-I state (&' <1):
§"+2¢8'+8=0 (2.40)
- slip-1II state (&">1):
E"+ 208 +E=-29A (2.41)
ZIT, 4 § P IERATERINDIMRICNNTI XA —FTH 5,
_ = )W [ yo (2.42)
V/mk 2\mk U, — L,

ERTAIC LD, RFIRX—=FDT D (m, ¢, k, p, uy W, 2532 (4, ¢ ») IClSTIE
T E 7 [5].

A (c=0) DEHICEWT, EEESEBIEZEVES 2 &% T, ROIRENZ
R NT A =5 A DI K> TEHDPE 2, 3 (2.42) D L ITEH TR, HICIEHE
RBUNDETOERILS T A= BH LI L BbHENTHDL, ZOMRILNNT A —F
ABRAT AV I ANy TIRTRA—=F LIEER,

MEEIR D2 AL L T D2k % Figure 2.10 128§, stick IREETIZREEIAD T & &
bicBHL, i@@@mﬁ#wﬁ%@@ﬁ%ixé&ﬂmm BICERR LT, Pz
HIREN§ 2. 20k, EBHKROBED THEHOREIHEEIE LD FIE, FHO stick IREEITHE
BL, 2hZ2EEVBRTOBRT 4y 7 Ay 7 TH3, Figure 2.10 (a) (3 BXE)EEE HSLLEZ Y
> AR E W) BAETH Y, SRIROIRBIEE 27 L TE D, N ARAT 1 v
Ay FEEHFTES, ZRUTK LT, Figure 2.10 (b) IZEXENHE A HHLE (4 23k
BRI WEE) Th D, EREROIREILIZ IR > T3, Z4Ud, (a) EHLTAT 4 v
ZIRFEDIE L %2 0, HHIRBIOE G AL Z LIk s, ERIRORT 4 v 72 v 70D
BEE, IR S AREO HHIRE L OB % T2 2 LIEATEETH Y, KilT 5%
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DICEENRERZBEZ 208, AODRKEZIZEZTIIBOZILOE D SHWI T2 Lok,
AT 4w 7 AV 7TOIREIE - IRIFICITT A 0L, KAk TEEINS [19].

n

%:\/le =

n

&z{l.,.l(;t—tanl/l)} ={1 B
f T A !

for small A

A forlarge 4

for small A

for large 4

(2.43)

(2.44)

1L, fizw,/27, A=0,28THD. LILDAT 4 v 7 A0y 7OW, REE, RIS
Table 2.1 Dk )itk DoN 3,

dxidt A
v
0
ST kL ST sl ST
XA 1 E
Fsmax/k : /\
Filk \ / \ // -t

(a)

dx/dt

Zhﬂﬂ

AAARA.

SL ST SL s1§ SL

VYU

TRV

sT SL ST SL sT SL sT SL ST

A
VvV VUYL

(b)

Figure 2.10 Temporal change of displacement (lower) and velocity (upper) of object in 1-DOF system
with Coulomb friction when (a) A=10 and (b) A1=1 [39].

Table 2.1 Effect of 1 on characteristics of stick-slip [39].

A= % A<<1 A~1 A>>1
Waveform Sinusoidal  |Quasi-sinusoidal| Saw-tooth
Frequency fio= L\/E (see Eq. 2.43) Jo= 267‘/

2 \'m (4 — )W

Amplitude A= V\/% (see Eq. 2.44) A, = w
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2.1.5 EDftDIRE

1 HHEDO TR B 25 MCEN B IRENE, BEEE TV 2EHLS e TEBRORICA
bELIGELH 5 [32-34, 40411 b H 5D, RN E LRI £ TIcEIT b0
TETELRS, AT 2O0HMERERT 22 LT, 1 HHERBRTRENSE Z L Dkdo
TREIDFEAE T 25608H 5, 22Tk, ZoMEfE L C3MEDIREZ LD HITS. 1
BIEZERR RO HBEZMAZ T2 HHERICIR L 22 T —a VEETOLHET 5 H
RS, 2BIH RO HHERZMA T2 HHERICHRL A2 ETAT 4 v Z7IREEIC
Bz BB, 3BIHIZ 1 XTL HHERICINET 52 2 & TBN S 2 70T XD OfE#Hkic
DWTIER S,

(A) E—KRAHvy 7T & 2ERIRED

E—FAy 7V k3 HIRENE, T4 A7 7L —FOHEIMHRBIOFRK & LCEH X
NTw3[42], E—FAy 7V 7oL 25/NEIHER 1 DOBE IR L TERT M &k
PAAMDOHMEZZE L7 2 HHETH D, e 7)1 [43-47] % Figure 2.11 (a) IT/RT,
R, BT EEROTRO X RIS TROGRDIERIC L > TSN Tw 5, Bl
DB & LTS O IR X o> TR SN TE D, Nlild— @ E cBET % WIEE
EMEW THL, BENZ2Z3T0w3, LEL, BEEFILICEY —u v EERZREL T,
BIEEERIE B LT 5, e T o sERIE, KR X HIcET B,

Re(A) [-]

H
1 1
1 1
. 1 1 4
1 1
; N
N | | AN
/ AN H \
g -7 \
/ S ) ! \
/ o7 4 \
/ LS ! \
/ [t i \
! ragivd i i \
/ / 1 1 \
1 2N \
i SN 1 \
i L i |
H _io
1T X T

elastomer

rigid surface V— ' '
W g

(a) (b)

Figure 2.11 Self-excited vibration caused by mode-coupling instablility (a) analytical model: 2-DOF
system with Coulomb friction, and (b) effect of the kinetic friction coefficient on the real
and imaginary part of the eigenvalue [47].

Im(A) [-]
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Mx+Kx=0 (2.45)
L,
m 0 k. +kysin’@ k,sin@cosO+ (uk, /2)
M= K= (2.46)
0 m k,sin@cos @ ko +k_ cos’ 6 :

M OFERITH, K RIETII2E L Tw 2, B0 AEN LIRS Tth 2 T L
DARZEND BB TH S, Fhe, FEHEMBEMRITIC K > TR SN 2 BEIEEICNT 2 BRI
DB DT Figure 2.11 (b) IZ/87F, BEEFEIVNS v E EI123 2 DDOIREI€E— F 238
N5, EEMDOFEIES 0 TH S 7DALETIE R, BEREOBRKIZE w2 DR
BE— FOREBONEDE, 20D —F03— (E=FAhvy 7V v 7)) §2 LEGHEDHE
WONE L 72 BEDBINT, ROVPHEPALEL %2, FOVERPRLEDEE, NSk
BELTh->TH, RESFHE & HIRET 2 HREIZFEET 2, 20 k) Rik#z € —
RAy 70 v 702 & % ARE) & W5

(B) E=MERDHE TR ZE R U fc 2 HHERDEHHRIRED
TEEIR DM SR OB, HERBE A D SERGOBHEIC X > T1 HHESR
TRENZG D> FIREDEC 5, (EBEE OB 2 itk & § 25564, MHTE 7113 Figure
2.12 (a) 12§ & 5 ICEBh iR Z AR & D 2 DI P C2 HIBEE LEET LV ER D
[48-51]. TEEMADMIAERIZ X%z /v L CHEE L A OISR S TR D, EHEED
SR 2 22 BRI EA B O O IME X - TR DR IR I nTw 5, BTe T
N OEENTREAE, RAD L) ICFHIT 5.
mx, + ¢, x,— c,x, + kx, —k,x, =0 (2.47)
my (X, +X,)+c,%, +k,x,=F (2.48)

BEEE TV 7 —a VEBZAGE L, BT IERAO X ) ICHEEA & BKE) R o R EEE 1

| supporting section I contact section %
i | I— I T < A e e
ky ky
FAMWA e w P ‘
m; ny i i b
— — £ { stick ' smick I sTick !
G R —————— Aiik Aiik Aiik Aiik
rigid base v SLIP SLIP SLIP SLIP
(a) (b)

Figure 2.12 Vibrations occurring in the sliding system with tangential contact compliance (a) analytical
model: 2-DOF system with Coulomb friction, and (b) vibrations occurring in static states
[51].
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EoT3ODIREIZLD 5,
F, when x, +x, =V : stick state
F=1F when X, +x, <V : slip-I state (2.49)
—F. whenx +x,>V : slip-Il state
X (2.47), KX (2.48), K (2.49) 12X (2.37) £ KX (2.38) ZMA b DL RR E & 5.
B roZ#)E, Figure 2.12 (b) 1233 X ) ITHPEIRDE RS A Y v TIREDL S AT 4 v 74k
REICER L BRI, MR B RIGES %2 Lty o s o, HilRE»EHN S, 1 HHESR
DE, REBELTHNDZDIEAT A v 7 2) vy 7DHEDT, ZOHMIRE X2 HHREER

FAOREIEEZ 5.

(C) ZBEHERICKIT3 /O3 RD OEiE

WERDOR T4 770y 728 L CE#PT L) RRWTIX, EROHNINC X > TR
BERD (I70FTRD) BEL, 20370 TRDPMEMT 2 2 Lick > TRENE TR
DICHET S [52], 1 HHERO TR EES 257 A TRETE 2013 Eilo~vrsuizT R
DICB7BBIROATHY, 70 TXRDBLIOZOBMEZRINT 2 7-0121F, ireT
)ViZ Figure 2.13 (@) 12" T & 9 RE HHEE TV TH 2 05D % [53-55]. Figure 2.13 (a)
DHEERD AT A ¥ T ay 7 2EBOERZ IR TORC I ETERIALTVS, (TR
X, A4 70y 7oiEThd 5. SEAICEEEICE —u VEREZREL T»b
MOz —ERETHiD 5 2 & TEMIZHIM L 72 £ Z ORI OREZL L T XD IR

Bl H 5 H M DRI Z AL % Figure 2.13 (b)
IRT, 27 a0 AR OIS =
SAELTHD, 2TOEMHT IR = NN M
S 150 |
LIS R E LMD, ~7ukx £ | 2 |
) =t
I) V4 7 O)%if) Eﬁn/uf % E), E 50 | o
0
10
loading material 8 |
section section
— | of
1 W, W Wx - il
- b |
b T AR T Ak S Il il “| Ly ‘|
g ’ 0 1 2 ."; ; 5
F=x F=x }=x == F— x Time [s]
(a) (b)

Figure 2.13 Stick-slip transition occurring in multi-DOF system (a) analytical model: multi-DOF
system with Coulomb friction, and (b) time evolutions of tangential load and position of
partial slip occurrence [53].
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2.2 FIREDEF

Wi T L 72 4 D DIRENICOWT, AHiCIIBIREZEMT 2. BAMICIZ, THHIRE
RS, THHIREBIE AT 4 v 72V Y 7, THIMREBIE AT 4 v 7 AV Yy 7 3D
DR TH L. ZNEFNOBRIIBEOFK/DNHICTRTA, T TEHFEMLABRELT, ¢
N EEICHN 2 IRE) & 2 DR DOBIfRX % Figure 2.12 12787,

H HiRE) & HIRBIOBIRICOWTE, SROIRENCIN U T2 T 2 BRI 2 R DR
FELTHEZUL, ARENIAHRRE & L CEETE 2, 7, FlioRERIIC XD,
LEDGAIFINEIRE), RNLEDLA I ARE) & I TE 3,

HEIREN & 25 4 v 7 2 v ZOBRICOWTIE, BEELISK X WA ICREBI A D M AR
B OB B VWO E AT 4 v 7 LIREDL S, RV v PIREBICER L 725, BAT4 v 7
TEHEGAICRBAT Ay 7 Ay 7, WEIDPREZVCH LIIFEAT A IRy TNFTAX—=%
DINIWBEITIFHAT 4 v 7 LD THERE), LBETE2,

HIHRE) & 25 4 v 2 20 v ZOBRICOWTIE, EIIRENC X Y 8K L 2= 5Bk o
DIRENA DML L T, AT 4 v 7IREBELRIGRICERAT A v IRV T, AT4v 70
REBIC 7 5 C & 3% U, HECEIMIRENCER T 5 LT E 5,
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Figure 2.14 Relationship diagram between friction properties and vibrations appearing in 1-DOF
sliding system.
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Figure 2.15 Effect of the effective damping ratio .4 on the vibrations occurring in 1-DOF sliding
system with the dependence of the kinetic firiction on the relative velocity.



36 E2F INDERICRENhSREDERE

2.2.2 HHIERIE AT+ v 7Ry TORER

HHEREI E AT 4 v 7 Ay 7ORL L8, AT4 v 7IRE~BBEOEHKTH 5.
Figure 2.16 12739 & 912, FEBIADSBRBIENICIE VDO WICRPLT, fEBRIC/ER T 21850
ERENPRREIEEHE LD S vuEa (KMo Q-P), X7 4 v 7IREBICEKT 3,
AT A I AV FIZBITEARY y PREFZHHIREITHY, RAT4 v 7RV v TIN5 X—
7 A DEAVN S A IERIIRIC AR 2 DIk, 2V v TIRESKEM 2D, B ETH
HHRENDSHEV T 2 &) RV E %2270 TH 5.

AT 4w 7 AV y 7E, RERESLIC K > THREBAEDSERBIIN OB IE D T IEH T4 L
LD THRG, AT 4y 7RG A v TIREBITES L 748, BRI X 2ENRK
E UL, CEMA O EDRB OBEIBNO K 2 EDRRVHAT 4 v 7 LEWIREEL X
DT, Ay REVHEE, WERE) & &5, Figure 2.17 IC13 2 D BABFI 273 L TWw» 3,
HAT 4y 7 LRWGIRDUE, A2VNS K, CBREVHEGICENS Z L23bh 5

AT 4w 7 Ay TOFERFIZOWVTIZ, Nakano 512 Xk - THEM L L TRADIRE
N3 [22].

ln@—2§l+27%:J£%?{én+2Mn'}i%%%?] (2.51)

AT A4y 7 Ay TOFRERKE 2ODMRITL T A =% (A, &) DBIR% Figure 2.18 I
AT, 2 (2.46) OWHEME L TRAD D 5.

[= {(477:)%2 for small A (2.52)

1 for large A
£7:, A (2.5]) OEPRE L TXRAMBEN TS
(1-¢)y' A =4nl (2.53)
Figure 2.18 IZ/R L7 AT 4 v 7 A v 7OFAERFITTHEHT 2 L, (>1D8H, AT74 v
PRy TRFEELBWZ b5, 7, GROEVBHIUL, L 2/NILT52ETH
TRAT4 v 7 AV y T7ORELEWIRWBMENS 2 b5, HIZE AR, EARITNS
BMEHTH -7 L LTHMHTELWI L ZERL TS



E2EF IRDERICHENhZIREDEIE 37

Slip-II <
A
A Stick-to-slip
transition point
Q ——— P
[~ Oe——) -~ — == === —- L
i 1 i
; — -
i 0 i
: Equilibrium point :
v | | |
Slip-I

Stick

Figure 2.16 Dimensionless phase plane and three types of friction states [22].
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Figure 2.17 Effect of stick slip parameter A and damping ratio { on the occurrence of stick-slip [22].
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Figure 2.18 Occurrence limit of stick-slip occurring in 1-DOF system with Coulom friction [22].
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Figure 2.19 Transition from self-excited vibration to stick-slip occurring in 1-DOF sliding system
with the dependence of the kinetic firiction on relative velocity.
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(DMP) and three types of limit cycles (LC-A, LC-B, LC-C), (b) Occurrence condition of
DMP and three types of limit cycles [56].
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Figure 3.1 A schematic diagram of the tribo-test to examine the relationship between
forced vibration and stick-slip.
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Figure 3.2 Experimental apparatus: tribo-vibrometer.
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Figure 3.3 Change in the profile of tangential-side specimen.
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Figure 3.4 Example of experimental results (fy = 60 Hz, f; = 60 Hz, W =6 N, V = 8§ mm/s)
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Figure 3.6 Effect of driving velocity V on the amplitude of cross spectra
(fux=060Hz, f; =60 Hz, W = 6 N).
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Figure 3.7 Effect of load W on the amplitude of cross spectra
(fu =60 Hz, f; = 60 Hz, V = 6 mm/s).
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Figure 3.8 Effect of natural frequency of NRM f, on the amplitude of cross spectra
(fr=60Hz, W=6N, V=6 mm/s).
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Figure 3.9 Effect of natural frequency of TNG f; on the amplitude of cross spectra
(fu=60 Hz, W=6 N, V=6 mm/s).
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Figure 3.10 Effect of driving velocity V on the amplitude of cross spectra with non-grooved
specimens (fy = 60 Hz, f, = 60 Hz, W =6 N).
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Figure 3.11  Stick-slip motion of TNG with non-grooved specimens
(fy=60Hz, f, =60 Hz, W=6 N, V=1 mm/s).
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Figure 3.12 Friction coefficient with non-grooved specimens
(fu =60 Hz, f; =60 Hz, W= 6 N).
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Figure 3.13 Change in the phase of cross spectra (fy = 60 Hz, f; = 60 Hz, W = 6 N).
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Figure 3.14 Coherence squared and phase: solid circle; component A, open circles: component B
(fy =60 Hz, f; =60 Hz, W =6 N).
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Figure 4.1 Concept of a method for suppression of self-excited vibration occuring in sliding system
using feedback control of small dynamic load.
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Figure 4.2 Analytical model: 1-DOF system with sliding friction [12].
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(a) Effect of driving speed V and dynamic (b) Effect of driving speed V and static load W,

load coefficient Wy,

Figure 4.3 Effect of the test conditions (V, Wy, ,W,) on the stability limit.
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(b) Schematic diagram

Figure 4.4 Experimental apparatus.
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(a) Schematic diagram of feedback control system
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(b) Control algorithm

Figure 4.5 Feedback control system of dynamic load
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Figure 4.7 Typical result of spectral analysis
(f.=60 Hz, W,=3 N, V=10 mm/s).
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Figure 4.8 Effect of driving speed
(f,= 60 Hz, W,=3 N).
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Figure 4.9 Effect of static load on amplitude
and frequency of vibration
(f, =60 Hz, V=10 mm/s).
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Figure 4.10 Effect of natural frequency on am-
plitude and frequency of vibration
(W,=3 N, V=10 mm/s).
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Figure 4.11 Effect of dynamic load control
(f,=60 Hz, W, =3 N, Wy, =
0.09Ns/mm, V=10 mm/s).
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Figure 4.12 Example of unsuppressible case (f, = 60 Hz, W, =3 N, W, = 0.09 Ns/mm, V=5 mm/s).
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Figure 4.13 Example of suppressible case (f, = 60 Hz, W, =3 N, W, = 0.09 Ns/mm, V' =6 mm/s).
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Figure 4.14 Effect of static load and driving speed; open circle :experimentally suppressible,

solid circle: exprimentally unsuppressible (f, = 60 Hz, W,, = 0.09 Ns/mm).
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Figure 4.15 Effect of dynamic load coefficient and driving speed; open circle :experimentally

suppressible, solid circle: exprimentally unsuppressible (f, = 60 Hz, W, =3 N).
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Figure 4.16 Effect of static load and driving speed; open circle: experimentally suppressible, solid
circle: exprimentally unsuppressible, line: stability limit calculated by eigenvalue
analysis (f, = 60 Hz, W,, = 0.09 Ns/mm).
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Figure 4.17 Effect of dynamic load coefficient and driving speed; open circle :experimentally su-
pressible, solid circle: exprimentally unsuppressible, line: stability limit calculated by

eigenvalue analysis (f, = 60 Hz, W, =3 N).
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AR\, 22T, AT, EBEOR~O@EAICATT, XDk 2 BHER~NDOA
REIT->7. 2HHERO TR BEES A7 523, fEEik% R 2RIk 2% 5 2,
THOEE G LTI —MlEHLHDIAT T4 X P 2O RGNS 2 7€ T )L
ZGE L, BERIRBE 21T o7, 2 ORR, B OMEESIIC X 2 HIIRE) O8I X
DT SRR I A ETH B L, TATITA XY MR A5 ERESTH B &
Z L7z,
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5.2 BRTETI

Figure 4.2 ICEHTE TV 2739, B8 m OFEEMARIZ, TWIE £ & k12X D RIRICR S
NT 5, HEkiE, xy FRNZBE V=V, 0] CBBIT 2 FTH&#L, B F=[f. 1]
22T TS, IRMED FHhd & 7 2 En FEESR X, xy AR EPATT, 2—HiixbDIC
e (ZNZIATIA XY FMALIER) ZF TR T3, BEENERT 3 5, 5
A L THOMHEIC X > TkES, L, BEHREDRTAEIEX, SATI4 XY
M EIE—EL R,

Figure 5.1 Analytical model: 2-DOF sliding system with angular misalignment.
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5.3 XEEHEIN

Figure 5.1 1278 L 2 f@HTE TVICD VT, EMPEIARE & 72 2 08RO A1E % i

h, EEOKZ t 1ICB T 2WEBEDNIEZ x(0)=[x0), y]' £ 5 &, FEBEDEE) AR
Mi+Cxi+Kx=F (5.1)

LET 2, L, ()R ocBIT 2y, MIZERTH, CIEESH, K IZRPETE, F

FEEBNR 7 PV ERT.

AV,
vl

rel

cosp —sing ¢ 0 ke 0
R=1 » Cy= . Ky = ’ (5.2)
@ cosQ 0 ¢, 0 k,

| m O _ T _ T -
M—{ 0 m}’ C=RC,R, K=RK,R, F=F(V,)=

7272 L, RIIREHEATH, Ce) 1 EFWEITHN, K, ZEMETIICTH S, F, v IZPEOHSE,
Vo \$HREETH 5,
FEBURFE F>IV, I & LT,

sl )

ZIRET D, 72720, BEREZHNEEOBREE LT ullVl) EFHL EE, puo=p0), Au
=u(0)-u0), Vi IZEEEH, WIEEERELZERT, Thbb, dqu<0D L &, BEEIOME

FEGSL DR (u-V RHED AR &7 B,

F(|V.

rel
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BXEAEIDERTL

NI X=51%, 1148 (m, cs ¢, ke kyy Vo 0, W, o, Au, Vo) 1T R0, EXILL
Tk 287 XA =2 DOHIEEITS . X (5.2) DEHITFH R DONLE x,,=K'F (72721, F =F(V)
) RIHEL T 701 y=x-K'F L BE, RAOMRICRE v & MRITENL § 2 H AU,

x @, ke
= l" = N = S = —_ 5.4
feonEE RSO L 9 IcFon s,
§'+20.CE+KE=y(V )-y(V) (5.5)
772 L,
S C'=RC,R", K =RK,R' Vo =y Ve
gﬁ - 7 mk§ ’ - én ’ - &n ’ 'l/( rel)_l//( rel ) ‘/r:l ’

cos@ —sin c k
R=| ¢ @ = 1 0 . K, = 1 0 e ol
sing cos@ 0 ¢ 0 x Ce ke

) (5.6)

V*

rel

*
‘/rel

):ﬂ,(l+y(1—exp(—(x

w(

R A VR
14 mkg Ly Vi

V*{ * .
Vasviv v =l e vie]
v y 0

MEDIERITEAIZ XD, NTA—F BT (Co Ao & 5 9, 7, @) KRS T 2 ENTEL,
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5.4 EIR{ERFH
5.4.1 EFHER

A (5.1) OB SRR D W THIA RN ZE 788, 3 (5.5) DERILEB/REAIC O
THFRICER AR ZEZ R T, G ICBWT, TXTOHIDD & 9 Hi P

T,
Kx,=F"where F' = @V (5.7)

tixd, ZIT, HINPEESED ) OBy

x=x,+%, F=F+F (5.8)
ZHEZT, BroZgn o 2oL w25, X (5.7) 2 (5.1) IfAAT 3 &,
Mx+Cx+Kx, +Ki=F +F (5.9)
EoT, XKA%E35.
Mx+Cx+Ki=F (5.10)
EEHR 1 DAy 1,
Fop_p = rel)Vrd_F(V)V:F(||V—v||)(V_v)_F(V)V
V. v v -
5.
__Fl=Vb, ) )y,
=i 4
ZZTHDHT
F(p-Vv]) fivy)
= -V
fv)= b V”( )= £.,) (5.12)

tBx, A (BG.12) 2 (5.11) IfRAT UL,
F=—f(v)+ f(0)=—(f(v)- £(0))

df./dv, df, /v, v, (5.13)
“ | af./av, of, /oy, v,
(L’A=0,V),=0)
2T, Yavrfrilz
df./dv, df, /v,
"T1 9f,/av, of, /v,
(v,=0,v,=0)

(5.14)

LB L, BENDOEITI
F=—Cy:—c¢=—cﬁ (5.15)
L h, R EDL D TRIBILTE . 2T, BEERELE LT (5.3) #HVwT, M

X 1
=J(V-v,) +v (5.16)

rcl
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TH5 I EDS, R (5.14) IcOW TRy % BRI ETE T 2 &

F oy
c =| av, (5.17)
0  FW)IV

L, () BHEREE Vo IS 2 TH .
PLEXD, BN ED ) TRIBLL 2207 e LT

M +C X+ Ki=0 (5.18)
BREoNns, L,

C.=RC.R" +C, (5.19)
IIT, EbhoEELDE

¥+M'Cx+M'Ki=0 (5.20)
&b, i

j=x (5.21)
ZHVS L,

y=-M"C..5- M 'Kx (5.22)

R (5.21) £ (5.22) % £ L DU,

HIRB
X 1 0 X
ZZT,

X:{ y } A:[ -M'C; -M'K ] (5.24)

X 1 0

£giug, X (5.23) 13,

X=AX (5.25)
L7eoT, R (5.17) DHAM%

x=A," (5.26)

ELT, 2ot EolGHEZRD ZEAHENIRAD L) IBHSND,
det(A—BI)=0 (5.27)
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BERXTXRAERDEFTHER
=X (5.5) £ R (5.6) DIEIITTEE AR ICOWTEAHFEAZE L, $9°, Wb L 7B
oK Z, WOTRADEIHITEE,

F O =u V) T [ (5.28)
V)=V =V I)r———qn~| o+, + = :
Hv -V H fy*(vx*,vxﬁ)
A (5.5) DEIIZOWT, PR Ed D THRIEILT % &,
y(Vo)-w(V)==(f ()= £ (0)
_ fo*/avx;k afx*/avy* v, (5.29)
af: /v, af; /8\/; v;
(Vj« =0, v:Y =0)
Z T,
of.1ov. of. /v,
Ci=| . . . (5.30)
Of./av.. of./ov.,
: : (v'.=0, v.=0)
tE %, A (5.6) 6 BARMWICEIE T,
Wy o
C: = dVrel (5.31)
0 w(V)
tnzoc, X(5.5) I,
E"+CLE+KE=0 (5.32)
=72 L,
C=20.C°+C; (5.33)
DLEDS, iR EH D IZE T L 2 EonEs il Tth s, 22T, =& L LT,
n=-C,n-K¢ (5.34)
Ihx Lo,
Mol Ca KT (5.35)
& I 0 ¢

(y
(y

X$:l: n ]’ A*:{ -C; -K ] (5.36)
& 1 0

LT, KX (5.32) OHEEARME E=A " LTHUL, T ELDEDOEAELIRD 2 EAHFRER
XA L% 5,
det(A"— B'T)=0 (5.37)
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5.4.2 REFRH

LitoAE AR 4 XARATH Y, 4-oDEEEBHEE L THRONS. ZOETOM
HEICOWT, FEEBIETHIUSTH RICE W TROBARLETH ), EFIATHIUIEE
TH2, OFh, BEFRHEZ, ETOEBHEOIFEPALLIFHELES A .

(A) RERRRORESRMN

A O FEE) TR RO MRITTMIC L > T, BIRZIILT 287 XA =837 (, 0, & &
de, ¥, @) THBI Ebipot, ZTIT, OO ITAER L L TH, 5D
TRA=YDEE (x, ¢, A v, @) ZFRD, 5HEDNTX=F DN, 3 (A v, a) 13
RICEERINCBT 287 A =5 Th 5.

T U 72 BRI T 5 1 OB HIETH D, y & a lCBIL Tl Figure 5.2 12”7,
KUEHEXICD F-VREICHYS L, vy DEDMEIKRE L, adV/NSWHAEITIE, SRIuEE))
DAALDP RIS 2 b2, BEAMENTIC X > TR S NEHH B OFFRICHT 5
a D% Figure 5.3 1277, K& D a>3 T, HEEMHEDETDRBDIEELIA L LD DT,
BEMEBTH S Z b5, FHROLERIINT MM EIATIA XAV M D
B2 PN R % Figure 5.4 1189, FEIAMHEMBEIT ORI, 1 D THHEIHNIE L 4 2 A H
D3 B HYEEIE, T I EALEERE U, LEHEE - ALEFEROBR %2 IR TRl L T3,
K&, S50 k=1 TlX, SAT7IA4 XAV I X ST, AN LE LR DI LB S,
72, SATIAAY MABIZOWTIE, ¢=0 2L L 2dHERRo 65, =0
FHER ¢ =90 (HE I ALEFIRTH 1, p =45 fHEICKEFELH 5 2 Lhb s, I 61T,
Figure 5.4 1213, ZEFIBICNT 2 A DFELRL TS, A0VKE L &5 L LEFESDME
INSB DS, KEE 75 5 AMERIFIZD F VAL S R, BIMEAN S WREREEIE A 2K E
%% EMIRLTLE 908, WIEHDSK S LT FEIR TN T 2 D3I T 2 2 L3z,
LOETEIBIC N T % a &y DR Figure 5.5 IZR T, a D3KE L, y BDEADEINI WIF L,
A U HIEL T b 228 & 72 2 FEFIPHDNADY S C L D3b D5,

bXy, MtEl e 3 REL, SA7I54 AV MAE 0134515 L T 2 RORKH, 2hE
ICHRB 2 MIfI < & 2K TH 2 2 Lsbr o,



88 B5E EANGXFHAMZEFRALL/NY Y TilikR
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Figure 5.4 Effect of k, ¢ and A on the stability limit (y =-0.5, a = 1).
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(b) Effectofy (A;=1,a=1)

Figure 5.5 Effect of @ and y on the stability limit.
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(B) BRZERUIRODRESRMN

FOWREZERL T, ZERFICNT 2MRIC T A =8 L, e DFBE2RHNTAR%
Figure 5.6 127”7, SXTHOEBIIFEEMEOEL 0 L2255 THY, Kb EBIEEss
LR DEIERMEIRTH 5, Figure 5.6 (a) ICHEHT % &, 1. 2V S WIS
BIWRETEENTEL I D005, L, WEREDOHIZOWT, e>1 9 e<<l DGH
WCALEL DT L6, WEFREIHD 235 2 54 IFHHRIE D 2w 2 L2 KL Tw
%. 72721, Figure 5.6 (b) & (¢c) 225 1%, WEREIZKED 235 256 THHIIRELH % 5
3 5 2 EBbb 5.

102 1 1 1 1 1
\ stable
0 \ A |
10 Y 5 10\
T
— 5
K \
10-2| 27
1/
unstable [
10_4 1 1 1 1 1
10-3 10-2 10" 100 10" 102 103
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(a) Effectofd:(a=1,y=-1)
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(b) Effectof y (A:=10, a=1)

(c) Effectofa (A:=10,y=-1)

Figure 5.6 Effect of {; and ¢ on the stability limit (x = 10, p = 45°).
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5.5 HEXSaL—>3aY

AT CoENE U 7 [ MEARAT TP R D ZEIE Z IR 5 2 L A3TE %28, IR 8 M i
DHEFAFDEEF 25 2 LIFTE R\, AT, EBFROEEHZFHNS oI Hi L 7:

By S 2L —2aviconTihrR 3,

5.5.1 EBAE

B> 2 2V — a v OEICIZBRE L EREDRD 5. Bk IR OPIBLE D 5 R D
ATy 7OYHERERABEEORIC L > TR HETH D, BEREISRAERE L I
Lo TRDATy 7OVHEBEZF2ETH 5. BREERIIHENRR VD, HRENS W LW
IR D D, T, BREISFHE R 0D, BUEIALE DT AT 28550035 5 [5).
R TIE, FHETIEDIE S 50 IR RS EE 23 R B fi#ik o Runge-Kutta 5% w7z, DL
TICEHRTTHE (6] 2R

X (5.1) OB SHFHERICOVT, PIFoXkHic 1 BT 3L,

y=x (5.38)
y=M"(F-Cy-Kx) '

A (5.38) #3¥ £1Z, Runge-Kutta I5 T T DIERTEET 5,

x, = x(1)

Yo = X(1)

d_ = Ay,

d, = MM '{F(t)- Cy, — Kx,}

x, =x,+(1/2)d_,

»=y,+1/2)d,

d_, = Aty

d, =AM {F(t+At/2)-Cy,—Kx}
x,=x,+(1/2)d,,

Y, =y,+1/2)d,,

d = Aty,

d,,= NM"'{F(t+At/2)-Cy, - Kx,}
x,=x,+d,,

yi=Yy,+d,;

d., =Aty,

d,, = AM~'{F(t + Ar)—- Cy, — Kx}
x(t+At)y=x(t)+(1/6)d, +2d ,+2d ,+d )
x(t+An)=x()+(/6)d, +2d,+2d;+d,)

(5.39)
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5.5.2 EEER

(A) EBERITOFRERICHT DR

BRI T A= % A=1, a=1, y=-0.5 & LT, FIHASMSHIIANE 2 & P i,
PR v, =1, v,/ =12 L LT, xy EIERICE ) 2 MR DERICEN (¢, y) DRFRIZL (I
M MERTCRER ©) 1R 2 ZREIPEOmIPELL & S A7 94 2 v b AOHERBIEY 2 2 L—
DaVICX DN, B 2 2L —3 a v OfE % Figure 5.6 12789, A o [ A iE fiE
BTIC & D ALEREIR & S N7 5E Tk, IRIEDSREROfE & & b IR L TE Y, HIHRE)
WECTR2E 2 eBbhrs, £, ZORBOEER, H2IRIBICENES 2 LERREL 2o
TWw5, —J, LEFBROSMTIE, WIWEELIC X > TEU ZRENIINFE L, #H9 PRI
BHRFICIOR L T3 2 E3bh 5, SERZHET 2 2 ik D, IREZIHIT 2 D12,
AT ORI & FRRIC, SCRIAMEICRTTEZ 52, SAT 74X SR 45 JERE
ETLREDDH D EDTERTE 5,

(B) EEREDOR I 7 MYRIRDOLEE

Figure 5.6 1278 L 7 MR DN DEHRD» S P 7Y = 7 Y ZER L 7., &5 7P«
7+ % Figure 5.7 \Z/R T, ANLEBEIO GBI 2 IRB O IRME &,  BKED /5 1711205\ [l
HOFMA RO KREL BoTWBE I EDNbL S, LEL, k=1 D5E, LRSS
THHIDIATITAAY ML ST, x FTENTHRB DB,y fili7 I I3 IRE) L 72 Wik
PeloTws, MtELE L, Z DMl il & BB TS5 1F L, IRIE AR/
SMAeonsZ Lrbhrs,

(C) fRIRICH T BRIELLE SRS AY FNADRE

RO KR E I ZERNICHKRT 2854, MANEERORHE (cfil, yih) oL czng
TURIEZ kD, 20 F g% LU, MIPERICBIRZ QiR d %5 2 &L 25C¢& %, Figure 5.7
W L7 tb 2 &0 T, IRIBICKIZTHIMELE S A7 74 X FADEE% Figure 5.8 12
AT RNE, BRI, RS AT T4 X MR LD, REORIKTRIEOAE S
ZRLT05, KNOERZ, ERMEETCROZEEHOITE» 0 L2528 Thh, KE
ERNZEDERITH 5. LEHEBNT, IRIFEIBIL T2 DL, Figure 5.8 D7 fi#REHMK
WD TH D, k=1 DGAEOIRIEZILHE L L Chofthz g 2 &, MWitoRGE0 5 2
HFELT, —HOMMEEREL T20TldA<, WMItEZE < T 2050, ZEHEERD O s
AICHN B RBORIEIZ/ANE <, WIS E LWIRE S 2 5. 2L, KEFEBNATI
RIE/NICED, IREDFEEL TWEDT, NMRFERZ Z EICHFEREPBHETH 5.
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Figure 5.8 Effect of x and ¢ on the trajectry (A:=1,y=-0.5,a=1).
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Figure 5.9 Effect of x and ¢ on the amplitude of vibration and the stability limit of the sliding system
(Ae=1,7y=-05 a=1).
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56 E&
5.6.1 ASDEFILEDLLRE

oIl k> TRESIN 1 HHERDE TV T, RAD X ) ICHERMEPFLNT LS

/J(V) (5.40)

ORI, RESBHD IO LMEL ETIREEE RS L, X512, BEFMIIMEIC
MR TH L ZLEZERL TS
SHHMBEICHRLZZETVTIE, SAT 74 XY PAKIT 45 EMEPZETHD, A
(5.40) TIF/BHENL VI AT I XV FAENPREZVGAHTOANLE & & 2 RUBBIN. £
7o, MEOFHEPRDONI LS 2HHEORMESA S,

ARPWFRIZOWT, Hurwitz OZE& I (3] 1281 2 THEAE HBEROBREBI2TIE) &
V) G S REFHERDEL 2P TESL. RARCZOHND 1 D%RT.
[dd‘i‘ (V)+K%]tan2(p>—(lu2/v) Far (V)j (5.41)

rel

ERITIFRESEMITN T MO E G EN T DT, KX (5.40) DIRRL 72T & Vw2
%03, EEMHISISHIE OIEA ERHTRT RO L »RBLTE LW,

2HHERICBWTI AT 74 X AN 90 BT CTHHSARE &% 5 D%, BR
AT 2RMED EFAAD S A7 74 XV EBEZ6NTORWRIEZD, SA7
TARAY AP OEDHALELL VLD THS, LEL, EHMOMIEIED 570 0
£ 90 ETIEHHNIRBOIIEIIRL S, ASOETNMIEIHRERTHYD, AT IAX
v MAED 90 L% 284, THOBRENG EICEBAEO AHEZ 2 wo T, K (5.40) DLE
FfFE %2 2 LIFHERIICIEBE VLTI R Y, 2L, EBOR (BELETIE) T,
DMERT 2 ISR BB L R WHEIZFEEL Vo, H3MERT 2510 A % #ELH
T22EIFTER Y, MEIREOEAICE, RIEDNS SR EPEIEY S 2L — 3
YOFERDP S b5 108, RIEDSOIT/NE L BIREPAEL T 20T, MR IIRIR
&7 ) BREMAD R LIRS 2 RS 2 & L ICTEEDSRETH B,

L7ed3o T, FEBEORICHEAT 281, Mtz R 5ksdbo7e LTh, 1 HEE
i 2 2 k<, 2 HHERDOMNTE TIVICTEL N ZESRM 27T X 9 %5
RIBETHEPHEBETHIFZ 5.
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5.6.2 FRAN=XLn
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Figure 5.10 Direction of frction force and velocity in sliding system.
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Figure 6.1 Relationship diagram between the vibrations appearing in 1-DOF sliding system and their
suppression.

Table 6.1 Design guidelines of 1-DOF sliding system for the vibration suppression.
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Relationship daigram between the new suppression methods and the vibrations appearing
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Design guidelines of 1-DOF sliding system for the vibration suppression and the addtion
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Table 6.2 Comparison between active and passive methods on the applicability to mechnical products.
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(a) Analitical model: 2-DOF system with Coulomb friction

0.6875 T T . T

0.6250

unstable
= 0.5625

0.5000

stable

0.4375 ' ' ' '
000 0.02 004 0.06 008 0.10

D
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(c) Effect of damping coefficient D, on the stablity (D,=0.036)

Figure 6.3 Effect of the dampings on the mode-coupling instability ( D;=c¢,/ 2w;m) ) [2].



$6E EE 107

(2) EMEBOHEERZERB LI 2 BHERDAT v IR v 7ICHT SHIIRME
BN B 1T % BefilAs Figure 6.4 (a) ISR T X ) ICT LD X9 LMk DGE, B
DIEFIC X o THfIFII R E S MEEIE T2 2 e nEZ 6N S, 2D L) kL2 EE
L 72%1%, Figure 6.4 (b) ISR T &9 7% 2 DD M ZEFNCO72F T, Bl % BifE L T
2E MDA SEB DM T 2 2 HHEOMTE T L TEINS [3-4]. 0 2HHERIC
BUIDLAT 4 v 7Ry 7OFE - IEFEITHT 2 MIMEH « (= k/ k) EIERBEDH g (=,
/c)) D578 % Flgure 6.4 (c) ISR [4], KXY, WERBOH n BRETETHLNITET
BIREZIFITECBRWI Lo, BTN IRHPEDRIHIC X > TFRREOMELI R %
KEL L THIRBZ NGRS OEEDVH 2 L3025, 7221, BTN SRMIME
DOFFTIE, WYk TdlTE ERE S AORICS A7 94 AV M 252 5DT, SZHERIED
WHEDPRECHAITIEFICRAY y 7REERD, AT4 v 7Ry 7OREZNGT 2 2
EPTEBLEEZOLNS,

| supporting section contact section

I
() T wo !

ky ky
rigid body
— VVV U, e, W
' flexible body m, m,
— (e.g. soft material) — _‘ — F
—————— g C m—
driving . R ——
rigid base rigid base 1%
(a) Schematic daigram of sliding system (b) Analitical model: 2-DOF system with
with tangential contact compliance Coulomb friction

108
00000000
00000000

°
™
™
10° fle®e® ™
™
™
°®
™

10

00000000000000000000000
00000000000000000000000
-F00000000000000000000000
00000000000000000000000
00000000000000000000000
00000000000000000000000
F00000000000000000000000
00000000000000000000000
00000000000000000000000
00000000000000000000000
F00000000000000000000000
00000000000000000000000
00000000000000000000000
00000000000000000000000

(c) Effect of damping ratio 7 on the occurence limit of stick-slip

Figure 6.4 Effect of the dampings on the occurence limit of stick-slip in 2-DOF sliding system [4].
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Figure 6.5 Noise reduction techniques. Figure 6.6 Acoustic sensitivity curve [10].
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