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Charge amplifier

—mpw

|mpu|se hammer Piezoelectric Power ampllﬂer

stack Spindle shaft
L g— —Cu/
E ] f s
J

|
e P
TCP

—

/W_r-_j‘é-_al—l BolaF Rear bearing
Front bearing /

Accelerometer Signal conditioner
X

Charge amplifier
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Fig. l60000000000O0O0O0DOO0DOO0OOODOOODODOODOOODbOODOODOODOn
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1
v(s) = m (=Fy(s) + Fi(s) = Fo(s)) . (1-24)

oooboboooFr O FROOOOO0O0O0ODOODOO0O0O0O0O0OODOOO0O0ODOODOOOO00bODOOO

M,0D,00DDDODOODODDDODDDODOO0OO0000000000000 F,O (24000000 F,
oooooooo:

Fi(s) = Gr(s)(Q()Fi(s) = Q(s)(Muns + Din)ur(s)) (1-25)

000 QODO0O0O0O0O0000O00OHPFOOO BPFOOO GeOOOODOOOOOOO0O0D00OO0O0O
0000000000000000000 Ge(s)Fo(s) =000 Gr(s)Fu(s) = Fu(s)0 000000000
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0D00000000000000000000000000000000
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Method Robustness to  Suppression  Actuator  Sensor- Calculation  Bandwidth Multiple Spindle

Process less Cost Chatters Speed
Changes Change
Conventional ® No
Chatter Analysis Needed
Conventional © © ® ®] © ® Small
Chatter Avoidance Model- Robust External  FFT, MPC, ... - 10 kHz Only Single
Free Sensors
Conventional ® © © © © Small
FF Chatter Needed Good Sensor- Good -10 kHz
Suppression less
Conventional ® ©) © ® ® Robust FB 3 kHz Small
FB Chatter Needed Robust Good Needed External
Suppression (Heo, --) Sensors
Proposed ® © Optimal ® ® © ® Small
Chatter Avoidance Needed Robust External FFT -10 kHz Only Single
Based on Analysis Sensors
Proposed © © © ® - 2.5 kHz ® Small
Chatter Avoidance Model- Robust Sensor- FFT Only Single
Using DOB Free less
Proposed © © ® ® © © May be
Generalized Model- Robust External FFT - 10 kHz Good big
Chatter Avoidance Free Sensors
Proposed © © Locally ® © © Depends on May be
ESC Using Sensors Model- Robust Optimal External HPF, LPF -10 kHz perturbation big
Free Sensors
Proposed © © Locally © © - 2.5 kHz Depends on May be
ESC Using DOB Model- Robust Optimal Sensor- HPF, LPF perturbation big
Free less , DOB

U17: 0000000000000
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Equipment
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Model-Based Model-Free
Chapter 4
External Sensorless
Chatter Avoidance
Chapter 3 Chapter 6
Chatter Avoidance Extremum Seeking
based on Semi- Control of Spindle
Discretization Chapter 5 Spe;t‘i’ :;Lraf‘tztter
Chatter Avoidance
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Chapter 7
Conclusion
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21 ODO0O0OOooooNChObOoooooad

oobooobOoNCOhOObOooobooob 190booboboooboboboonDboOo v@OoOoo
gooboooooboooooobooooooooooooooo bbb booboooooo
oNCODOOOooboobMGUOUO MJobooboobobobobbooboboboobobooo
ooboobooboobog2obitd0000000 (LASERSCALE LS55, Magnescale) 0 0 O 0 00O
obooooooobooboboogo 9 oobobo xgbobgoo

oooogobobo0o v@ibiboboboboooobg Aece30 0000

ooooooboobDonbD 190000040 nbog (A17,PCB PIEZOTRONICS) DD OO ODOODOODO
gboob2000000000

O0oD0Oo0obboO0 400000 (4MCD1200, Mitsubishi Materials) D 0D OO0 21000000
gooooboooboooboboobboooboo22a00b0bo0obo0obobOn (o86Co1, PCB
PIEZOTRONICS) DO 0OO0OUOOO0OO0OO0OOOOODOOOODOO 210 00Db000000nD0nLO
goboobooobobooaoboboooooon

gl1ooobooboboboboooon

22 O00O0OO0OO0OOOOOO

gbooboobobobooboobob PiObDO00b0O0ODO0O0b00DbO0 80Hz,40HzO00D0O0ODOODO
gboooboooboboogooopPib0bO0boO0obOo0obOoooDoboboobDobOoboboDoboOob
gooo mojoobgoprPi00b0 Cp(s)DODOO0DOOOODODODOD PO)ODODOODOOO
oooogoog

K
Kp+ —2, -1
h)

1
Js+D’

Cpi(s)

P(s) (2-2)
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Accelerometer

End mill

Workpiece
(A6063)

G)yUbobgoogNCcOooono

(@b0000000
gl19:0000

U1g0ooooboobonoo
(b000000d

Description : (P) S
Description
M 0.40 (kg)
Stage mass 273 (kg)
C 83.0(Nsm™)
Damping 10* (Nsm™)
K 30.1 MNm™)
Rotation-linear ratio | 1.91 (mm/rad)
Diameter of tool 12 (mm)
Stage feed velocity | 0.5 (mms~!)
Number of flutes 4
cbonogoog
Description
Aluminium A6063
K 0.980 (GPa)
K, 0.294 (GPa)

Ul Ke, K;O0PI1O0O0OO,DOODODO0OOOOODOOOODOODODOOOOOO0OOO0O0OD0OO00
oo T(s)O

Kps + K;
T(s) = . 2-3
() 72+ (Kp+ D)s + K, (2-3)

0bobbdl o, 00000000 23)000000 wODOODOODOOOOODOODOODOODOD
pl1oooooooonon

Kp = 2Jw.-D, (2-4)
K, = Ju. (2-5)

ooobooogoobSpObOOObOD MywayUOOOOOOUOOoooobOOO4OoOODO Myway
00000 DSPO SANYODENKIDODODODODODOOOOoOooOooooooooobSpOO
gbobogoobooooboobobobooooobooboboboooon
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Spindle Accelormter

Spindle
Encoder IS )
Work Piece
Tool Linear
Stage Encoder
Motor
‘ — Ball
i Screw —
S S S
Motor
Encoder

020:000000

120

i - - Experiment
—Nominal

/\]00’

80

60 |

40

Gain (m s 2 N !

201

0 T L Sy =
0 500 1000 1500 2000 2500 3000

Frequency (Hz)

MOO00000 Ms®+Cs+K)"' 000
ooooo
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Jooogtdbobbotgdbuboogtddn

31 00dd

l400000000000DbO0oDOO0oO0ObO0obOOoO0ObOobOOobObOobOO0ObObOobDOoODbOoOoDbLOoOD
gboboobooboooooooooooobobobobooboobobobobobobobob
goboooooooooboboobobobobooooooboos320boboboooooooon
gbobgboooooooobobobob33pogbooooooobooboboboobooooon
goboboooboboobboobooboobbobboobooboooboooboobooobooo

gbob340000000003s500000000000D0OOODOOO0

32 0000000 O0O00odooooouooooog

gbobogobooooo poooboobobgobooooooboboobooooooboobobobon

goboobooobobooboboobobuoooooooboooboboon

goooogogooboa-n,a3)gogobobooooooboobobooboooboobobobooon

gooogno
H) = AOX0) + As()x(t — (1) + BOu(o),
where
r T
x = |q0" a0 .
u(t) = ho(o,

o 1

A = 5 Al

|—(M~ (K + a,K;(1))) -M'C

o o0

A1) = B ,

4, M~ Ki(H) O

o
B() = - }

lap M~ K (1)
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a;[i—mz-+1] T3

o[t —mi] x[d) =i + 1]
R B
t
tim? Nti—mi+1 t; h+&:
T4 l N\t + At/2
:oziAt:: 8. At | z[i — m; + 1]

:c(ti + At

x[i — my]

T

1

\ 4

ti—mi t; + At/2 —T; ti—mi—l-l
O2:.000000000¢«fe(s,,)00O0Oooon

ool wp,b00dooooooooooa-noooo «(»n0d G-7 00000 «-0000

2
r = =2, (3-7)
qWsp

(1-600 K((» O 00000000 A (), A0 B ODODOO 00000000

0000 @¢-H)000000000000000000 3-8)00000000000000000
00000000000 00000000000000000000000000000000 At
004=iM0000000000000 0000 r=kAr0000000000000000000
00 x(t)00000xlil=x(,) 0000Fg. 220000000000000000000000000
000000 20000@¢e(tt) 000000 x(t-7(0))0 ,+A/20000000 (0000 7)
000000 x(t+At/2-7) 00000000, 000000000000

00000 (Feltuti)D000A (), AE),BOOD 3-900 3-10000000000 Ay, A, B;
000000000000 0000000000Fie. 200000n=1,m=k00 ;=4 =1/20
ooo

xX(1) = Ax(t) + Agix,, + Biu(t) (¢ € [iAt, (i + 1)Ap)), (3-8)
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1 (i+ DAt
A = — Ajndt (j=1,2), (3-9)
At iAt
1 (i+1)At
B, = — B(1)dt, 3-10
At (1) (3-10)
. [i k]+1 [i—k+1] (3-11)
X, = 2xl 2x1 .

G-y A0 0OoobobobobOobOobobobobDg G-12)Ubob0bdb umb
teiA,(+ DA D0 DO0D00D00000 w000 0ODOODOODOO0O0O00O0ODODbOODO

x[i + 1] = Pix[i] + Rix:, + Qulil, (3-12)
where

P; = exp(AiAn), (3-13)

R; = (exp(A;iAD) — DA Ay, (3-14)

Q; = (exp(A;;AD) — DA} B;. (3-15)

G-12)0obogoooobobobgE-1e)0 2k+40 000000000000 0O00ODO0ODLOODOOO
oboooooooobobobooe-)-@2nooboboboooooooboobo 260

zli+1] = Diz[i] + Eulil, (3-16)
where
zZlil = [qlil"qli1"qli— 11" qli —21" -~ qli — k1”17 (3-17)
P; T;
D; = S 02,21( s (3-18)
Orn4 | Ing
E; = [B/O"---0"Y, (3-19)
with
s = |n o) (3-20)
T, :[m%4%Rm:4h2]%&UAJ:M. (3-21)

O0O00R[l:m1:n(mneZ)0 RO 100mO00100 0000000000000 Op,O I,
00000 mxnO0O000OmxmOOO0O0OO0OOCO

(3-90 (3-10)0 x0000000000000000@G-16000 k00000000000000
000000 000000000000000000000400000000000000000
000000 ([80000000@B-160000000000:

zlk(i + 1)] = Fz|[ki] + GU[ki], (3-22)
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where
T

Ulkil = |u[kil]" --- ulki+k-1]"| , (3-23)
F = ®k), (3-24)
G = [®k-1DEy -+ ®O)E;], (3-25)
with
O(l) = H=0. (3-26)

Dy_, - - D;_; (otherwise).
0000o00obO FOQOODOOOOODOO FOODODOODODODOOODOOOODODOODOODODOO
obobooooobob1oobobuoboobouoboboobobo
ooboodno 000 x,yUOOOUOOOO0O0o0ooyOoooboooboobooboooo
ooobooboobobdbybUobg @G2hoboboooogoo

ylkil = [ylkil,ylki = 11,--- ,ylki = k11"
= Hz[ki], (3-27)
where
H = (b} h{ hi - h§k+4T. (3-28)

0000k eRX**Y 0 ;000000 1000000000000000000DO0000 (3-22)0
(3-27)00000000000000000000

Gilz] = HGI-F)'G. (3-29)

gboogbooboobooboobooobooboboobobroboobobooobobooDbo
obo G220 uyvdoooboboooobobobbeelz 00000 0OO0ODOOOODbDODO
000000000000000000000000000 Ge[ll=HJ-F'cOoO00000000
oooooobooooobooo

ooodboooodbborRg @UOUOOLOODODOODLDOODODOODODODLOODODOODODLO
o0 [8,21-23,26,34]U 00000000 FOOUOODOODO 1boboooboboooobuooooo
gbooogod

goboobooboobooboooboboobooboobooooobboobooboooo
ooobo0o0oobooOoOobOoOo0o0oDoO0o0oboOO0OUbD FOGeIIODOOOODOOOO Fig. 23
gooogoo

33 00ddoouooouooouooongooonooon
Ooog

00000000000000000000000000000 HJI-F)™'6O FOOOODOOO
U0 ocmx U mex D0 0000p00000000O0ODOODOODOO0ODO0ODOO @330)0D0000

J,D = 20alogio(0max) — 20Blogio(1 — Amax). (3-30)
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030000000000

Symbol
t 125 (us)
02:0000 Ny 2
Symbol R, 107161
Axial depth of cut a, | 1.5 (mm) R, 0.3
Radial depth of cut | 7 (mm) P [0] 10741
Ot 121 (m? s72)
a 2
B 1

Ubdedpbb0obObObOOO0OO0ODbOODODODOOOODODO
132000000000000000 1210000000 d22)0 weony DOOOOOOODOODO
0000000 wpep O argminJ, 0000000 weony 0000 yOOOOOOOOOOOO:

wpropli] = arg min J,
= YWconvlils (3-31)
where
_ pgarg min J, (3-32)
Wy '

Ooo0yO0OOooOo00 (erewsap) 0000 @-32)000000000000000000000000
bbbl bw, 00000D00DO0DLO0ObO0O0ObO00bObDbObLbO00OO 2nfe OO ODOODOOO
yoodobooobobooboooboobobooobuoobboobooobooobooobbao
oooooooooo0o00000 2200000 argminJ, «c w, 000000@E-32)00 yO w, O
gobodbooobooboobuodboobbooboooboboooboobooboobboboo
U0 Fg.240000Fg. 240 0000000000000000D0 (1-10-1-19000000000
00000000000000000D000D0D0000000000000 00000 00000
gboogoobooooooon

min Jg DO OO J, 0 wpop D00 Fig. 2500000000000 Fig. 25000 “const.”0 O O O O
00 2800 rpm O 0O 0O O “conv.”’0 weony 0 O “prop.”’0 wpop 00 00O 8O0 0OOOO0O000O0O0O0OON
Table I, Table2 0 Fig. 250 0000000000 0O0O0O0ODO0O

34 00O0O0OO0OO0OOOOOOOOOOOOOOOOO0O0O00d
oooon

oboobooobOobO0OHHPFOODOO 100HzO0000000D0O0O0000O0 yO Fig. 2500000
gobobooooooodoooooooooooboboboboboooobooooo 200boboOon
0o000b00Db0b0b0ob00Db Table2, Table3 0000000000000 0O0O0OO0ODOO0OOO
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O00O0O0Fg 26c)0000000DO0ODODOO0ODODOODODODODUODOODODDODODOO
gobooobooboobobooooboboobobooboobooboob oobobooboobooob
oodooooooddid w000 O0000000O000O00

35 ool oooooobobooboobbooooooag
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ggbobooobobooobboobboobbduyoobboaoboboooo

0000 (const)UO OO (conv)O0 OO0 (prop.) DO DO OODOOOOODDODO Fig. 2700000000

oooboooobooboobobobobolsobooboboobUobUObOFg 210000
O0000.1sO1550Hz0000000000000 (1-21)000 ppew = round(1550/(2800/60 -4)) O
gUUDbU0bUObobOoboobUuobobOonooobDgooil1e00HzDODOODOOODOOO weony U
1600/8/4-60 = 3000 rpm O O OO 000000 wprep U 3000y =2955rpm 0000000000000
000000 weonv, wprop 0 Fig. 2500000000

oboogbooboobooobooboobobbobUdRg 2100 00LOO0O00OO0OO0OO0DbO0OD
ooobs0000000000 Fig.27p)U 00000000 0OO0ODO0ODO0ODOOOOODOODnDO 96
20 0000000Fg. 280 00000000000O0DO0OO00O0O0O0O0O0ODOOOO0O0O0O 50 %0
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6[7’] |1 Model Estimation
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Multi-rate Analysis PR ! .
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Sensitivity Crossover Frequency (Hz): 23.0 S(s) (Blue) and T(s) (Red).
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