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stiction force

/ viscous friction

Stribeck ef fect
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Coulomb friction
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g 27 00oboboooogobon

ii) 000000 (Coulomb friction)
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Uq

C(z) W, plant

028 0000000000000

023 0000000000
direction + —

19.7 | 19.5
19.6 | 19.4
thrust [N] | 19.6 | 19.4
19.5 | 19.3
19.5 ] 194
average [N] | 19.6 | 19.4

gbobodbbogboobboobbuogbbuoobboobboobosgbboobon
gboobooboobgooboz230b000

Dooboboboooobg230b0b0ooodb 9sNOObOoboboobonbog
000000000 (1,0N)O0 13% 000000000000

oboobooboboboobooboobooboobd

0000000280 FBOODO (D00w,=0)000000000000000000O
gobobooooobbbouood-rgoobbboooobbbobbbibdodd uyd
gboobobboobobboobooooboobobbobbobbO0 4224 mm0dOd
O0-24mmO0000000448mmO000000000000O0O0O 100600 mm/s0O0
gboboboobougoobbobooogboogb20bboboobboobbbuooaon
002400000000000000000000 (COO)0O0O 290000

02900000000000000000000000O000O00O0O100mm/sO0000
goboboboooobobobobooobobbobobooboboboboon 2.5
oboodbogbugobugobgoboobooboo2s00b0ooboboboobd
00 16.5 NOO0.01 Ns/mmOOOOOOOOODOOO0OOOOD0O0OO0OO0OO (150N)00O 11 %
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friction [N]
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velocity [mm/s]
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024 00000000000000O00O0

velocity [mm/s] | data 1 [N] | data 2 [N] | average [N]
—600 22.75 22.68 22.72
—500 21.92 21.93 21.92
—400 20.78 20.92 20.85
—300 19.73 19.74 19.74
—200 18.74 18.63 18.69
—100 17.82 17.75 17.79
-90 17.77 17.73 17.75
—80 17.73 17.72 17.73
—70 17.69 17.65 17.67
—60 17.72 17.71 17.72
—20 17.79 17.73 17.76
—40 17.82 17.85 17.84
-30 17.92 17.98 17.95
—20 18.23 18.24 18.24
—10 18.97 18.96 18.97

10 18.80 18.65 18.73
20 18.10 17.90 18.00
30 17.63 17.60 17.62
40 17.52 17.45 17.49
50 17.46 17.41 17.44
60 17.43 17.42 17.43
70 17.43 17.44 17.44
80 17.40 17.44 17.42
90 17.50 17.43 17.47
100 17.62 17.54 17.58
200 18.63 18.56 18.60
300 19.66 19.48 19.57
400 20.64 20.53 20.59
200 21.62 21.60 21.61
600 22.57 22.54 22.56

U 25 00000000000000

direction | Coulomb friction force [N] | viscous friction coef. [Ns/mm]
+ 16.51 0.010
— 16.49 0.010

average 16.50 0.010
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242000000000000000O00O0DOO0ODLODOOODLOOODOOODLDDO

O0000000Karnopp D Armstrong 0 000000000000 [68)0000000O0ODO
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Upr ouy < Ty at vp =0
Fstiction - —or|/v (24)
sgn(vr)(Trs — Tye)e s up #0
e JO0OOOOOOO
T, : > A
Fcoulomb - Sgn(vT) / |UT| o ? (25)
sgn(vp)Tselor|/Av : Jup| < Av
e JOOOOOO
Fviscous — D’UUT (26)

0000uy000000000vw000000007,0000000000,0000000
00007, 000000000D,00000000A/00000000sgn(-)00000
000000000000000000 Firige, 00 (24)00(2.6) 0000000000
000

Ffriction — L stiction + Fcoulomb + Fviscous (27)

000000000000 (24)00(26)0000000 2100000 (starting) 0 00 0
00000000000000000000000000000000000000000
000000000000000000000000000000000000000000
000000(24)00000000uy07,00000000000 (uy < Ty at vy = 0)
0000000000000000000000000000 (v #£0)00000000
vw0000O0OD0D0000000000000000000000000000000000
(2500000000000 AvO00000002100000 (reversal) 10000000
00000000000000

(24)00(26)0000000000000000000002600007,,070D,
0242000000000000000,,0029000000000000000000
000000000000000AvD»,0000000000000000000000
00000000000000000000000000000000000000000
00000000000000
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Ffriction

Stribeck ef fect

starting

reversal

g 210 DOO0DODOODODOODODO

026 J00000000000000

maximum stiction force Ty,
Coulomb friction force Ty,
viscous friction coefficient D,
Stribeck velocity Vg
micro velocity region Av

195 N

16.5 N

0.01 Ns/mm
15.0 mm/s
5.0 mm/s

000000000000000000000000211(,)000000000 (exper-
iment) 00000000 (starting) 0000 000000000000000 (reversal) O
00000000000000000000000000000000000000000
0000000000000000000000000000000 214000000
000000000000000000000000000000000 (reversal) 00
0000000000000000000000000000000

00000000000D00000000002120000000000000000
00 friction model 0 (2.4)00(27)000000000000000000000000
00000w,0000000000000000«,00000000000000000
(21)00000000 P(s) 0000000 200 v 000000000 friction model
000000 Fremon D v, 000000000000000000000000000
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(a) overview

400

600

20

15

friction [N]
o

-10

-15
[
-20

=25

e Bt B B B S S

® experiment
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-100
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velocity [mm/s]

(b) micro velocity region
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g 211: DoooOoOobobOOobbobbobobo
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vr
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friction
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gbooob FrFFO0OD0OOO0ODOO0ODOO0

000000000000 FFO00 N(s)OD(s)000000 (plant) 00000 P(s)
0000000000000000

s) — Pden(s)

Y= "F 0 PV R 28
P(s):% (2.9)

000 0Pum(s)0Pen(s) 000000000000 P(s)00000000000001/F,(s)
0(28)00000000000000000000002130-002,00000000
000000

21(s) _ Buum(s)(N(s)C(s) + D(s))

r 5) N Pnum(S)C(S) + Pden(s) (210)
:N“*’iﬁg) (2.11)
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000000 1/F.(s)D000000000000000DO00O000ODO0000 af —2p0
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000000000000 00000000FFOOOO0OOO0OO0O0O00O00000000
010000000000000000000(21)000000000001000000
0000000000 FFOOOOOOOOOOOO

Kt k
&@:m<§+ 4 ) (2.12)

82 + 2Chwp s + wh

000000000000 PPaun(s)0 Pun(s) 00 000000000000

Poum(s) = Ki(ko + k) s + 2KkioCawn s + Kikyowy, (2.13)
num Ktktowgl .
5%(s” + 2Cnwn s + wp)

2
K tktowﬂ

Pden(s) -

(2.14)

0000000 1/F(s)00(2.13)00(2.14) 000000 20040000000000
000000000000400000000000000000

Fcl(s) N <sj:cwc>4 (2.15)
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frequency [Hz]

— N(2)
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o

10° 10°

frequency [Hz]
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0000010000000000040H,000000000000000000000
000000000000000000



28 020 0O00000O0O00DOO0O0DOO0O0DbOO00

252 UU0U0000oOoOoooobrFrBOOODOOO
obooboobod

ooogboboboooobobobobuoooobobobobooobobooooon
O00000000000000000FFOODOOOOOOO (212)0000000000
00000000000 21500000000000 (bOoB)DOOODODODODODOdODODO
O000000000W,000000000000000P(:)000000P,(»)00000
O000000000Q(>:)000000000000000O0O000D0OO0O0OOOOOO
0000000000 L,(:)00000000000000000O0DO0ODOOO00O000OO
O000000000000000o0O0O0000oooooooooD op/uy, 0000000
gooboboboboooboobobobobooboobobobobooobobobod
obooooobooon

gogboobogg

0215000000000 Jd00000000000000d0000000000

1 = V u Z) — P(Z) u Z) — V
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d
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000000000000000000000000000000d0000d00000
0000 Q(000000000000000
O000P,(z)0000000000O00DOODOOOO

P(z) = P,(2) + Ap(2) (2.21)

0000000000000 Ap(») 0000000 CRYOODOOOOOOO

o Pa(2) = (Pa(2) + Ap(2)) B+ Ar()
d(z) @@( up(2) e d(o (2.22)

(un(2) = d(2)) (2.23)
(2.23)00000000000000000004d00000000 (22000000000
Ap()00000000000000000000000000000000000000
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(whe(2) +d(2) = d(2)) P(2) = 21(2) (2.24)
00000019 ooooooooooood

P,(2)P(z i (2)
Pu(2) = (Pu(2) — P(2)) Q(2) ™
)

zy(z) =

=
N

d(z) (2.25)

—_~ =

O0000Q(>:)000000000000000(22)00000000000000O

xr(2) = Py(2)u)y,(2) (2.26)

0000000000000 000000000000000000000000 P,(»)0O
0000000000000 000000000000000000000000 Q(2)=1
O0000000000000D0 P(»)00000OD0O0O0ODOOOOO
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S+ Wyob

000000000000 we 10000 FBODOO C(z)0000FBOOODOOO0OMO
00000000000 wee=27x30rad/s00000000000000000000
Q0000

FBOOO C(z)000

FBOOO C(:)0 0000000000000 0PDOOOOOOOOOOOOOOOO
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(2.28)

Kys ) (wf)d 5%+ 20pnWpns + w£n>

2 2 2
T4 + 1 Wpn S°F 2Cpawpas + Wpd

C(s) = <Kp +

obobobobbooboboboboboooorrBObOOOOOODOOODOODOOODOO
O0002700000000000000000(.28)0000000000T7T,0000
0000000000 C(;x)oD0o0o00

027 C(s)000000
» 3.5 V/mm K, 0.02 Vs/mm
74 1/(2m x 500) s
Wpn 2w x 20 rad/s | wpe 2w x 30 rad/s
Gon 0.8 Cpa 0.5




25 UJOOoobOOobbOobbOo200000000000D00 31
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2.6 UUoobbouoooboooboooboboobon
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friction

 region 1 region 2 Coulomb friction
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3.23 UUObOUOO0OoObObbuooooobod
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|zi] < T

viscoelastic

(a) (b)
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F; = Kix; + D;v; (3.5)
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friction D £0
2 2F = 2Ty, R S
i1 __________ :
P
N
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1/
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I\
I ii=2
0 2mm1 20m2 22m3  2%,(v 1) 2TmN displacement
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0000000000 3150000000000000A0C0O000O000O00000 g
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mi - 1=1,..., li
%:{xz i p (slip)

. . (3.8)
xg = t=p+1,...,N (stick)
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Kap = ﬁf K; (3.9)

i=p+1

friction external loop

internal loop

D:

displacement

0 3.15: Doogoobboboooogbobboooooboboooooobon



50 030 Ooboobobooboboobbobbobbobbobbonb

OOO000A-C-D-C-BOOOOODODODODOOOODOODOODODOODODO
O0AOQOODOO 2z 000000 COOO0OOODOOOODOOOOODODODODOO
oogd

eCUOODOODOO

{xmi ci=1,...,p (slip)
€T; =

. ) (3.10)
To+xac : i=p+1,...,N (stick)
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table position [mm]

6
time [s]
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friction [N]
S o
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=
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N
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time [s]
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external loop
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friction [N]

-1+

-15 , , , , ,
-0.25 -02 -015 -01 -0.05 0
table position [mm]
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i | Fii [N] | K; [N/mm] | D; [Ns/mm]
1 0.3 30.0 0.0
2 0.3 12.0 0.0
3 0.4 5.7 0.0

ool s, DUz, 0000000000000 0000O0O000O0O00O0O00O00O00O0
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X, [mm]
o

6 é 16 12
(@) time [s]

X, [mm]

6 é 16 12
(b) time [s]

Xy [mm]
o

6 8 10 12
(©) time [s]
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elementary model

In,.
azl O harl : Q : neuron
C 0
n —=0 On
. Ihvl
Inei
w —=O
v ) 0
v /
Inyi
In.n
N O
o —=O
In,N
input hidden output
layer layer layer

0 3.19: DO000OO000O00bO0O0NNODOOD
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e 00 (output layer)
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gboboboogobbobuooobobobogo

N
No = Z Ohiwm- (317)
1=1

O:fo(No) =N, (318)
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oboobooboboobooboboobobuobboboobobooobooboob K0 DO
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K; = WgiWoi/Trmi (3.19)
D; = wpiwei [ Tmi (3.20)
Fmi = Wy; (321)
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table position [mm]
o

15 20 25 30 35 40 45

teach data
— NN output

time [s]

friction [N]
o

15 20 25 30 35 40 45
time [s]

0 321: OOOO0ODOONNDOOD

BPOOOOOOODO (3.24)00 (32500000000

aaE _(0-T1, (3.24)
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OF Ofn
= (0 —T) Weitord) =1 3.25
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U 32 000000000000000

i | @i [pm] | 0| @ [pem]
1| 05 | 2| 20

30 5.0 | 4] 200

50 400 | 6] 80.0
7] 150.0 | 8 | 1000.0
9 [ 2000.0 | 10| 5000.0

033 00dogd
learning time 1000

learning coefficient | 1 x 107°
Aw 0.001

squared error

L 4

0 w
0 100 200 300 400 500 600 700 800 900 1000
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0 322 0D0O00O0O0O0OOO0ODOOO0

ooogooooooooboboooobobobop, 0 Dpybobboboooo3.300d
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034 0000000000004an
i | Fiui [N] | K; [N/mm] | D; [Ns/mm]
1 0.75 1500.0 0.0
2 2.25 1125.0 0.0
3 3.00 600.0 0.0
4 5.25 262.5 0.0
Y 4.50 112.5 0.0
6 3.75 46.9 0.0
7 2.25 15.0 0.0
8 3.75 3.75 0.0
9 3.00 1.5 0.0
10 | 4.50 0.9 0.02

3.5 U0OO0OoOoooOn
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201 A
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15
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