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Abstract

The characteristic equation for regenerative chatter
loop including a delay element replaced by a rational
function is presented by a linear differential-difference
equation, accounting for the dynamics of the AMB
controllers, the uncut chip thickness equation and the
cutting process as well as the rigid spindle dynamics
itself. The chatter stability analysis of a rigid milling
spindle suspended by S-axes active magnetic
bearings(AMBs) is also performed to investigate the
influences of the damping and stiffness coefficients of
AMBs on the chatter free cutting conditions, as they are
allowed to vary within the stable region formed by the
AMB control gains. Several cutting tests varying the
derivative gains of the AMB were performed to
investigate the regenerative chatter vibrations, and it was
concluded that the theoretical analysis results are in good
consistency with the test results.

1. A&

HIZo] ol28 &7 (high  speed
cutting) o gt #FHe] Fo} 7tu Jom, o]
w2t 3E F&7)A -1—%*]/\"’“"1] 1}7131101%01
ol 4531 vt ATIHAH L, R E
o7 AAFAA rtEEHE Foln E-’F%Z]PJ
ozl A Q3 &4 F AANTLE FYUHH
7tseitte AAE BaE A7 gEeln &
712 424 AA & (material removal rate) &
FAAA B 81 9@ AE Hekstn 3Y
E 7}Fo] stesttte APE BRAste (1]

F&4 A (chatter)l_ T2 FE-33
g Fxe  A2F AP Y98 (cutting  process
dynamics)Ae]lS] A3 AAe & TAHE=E A

8 A% AH (self excited chatter)o]t}, AeE=
Ve A E AdstE £ AAEA, JMEd
9 AEE HWF1 F7E R W HEE st
o Asd FHo &4 £ 5 A9 1% 7
F Al AEE tEERAE ?3}7] f&tde AEH
kA A &4 (chatter stability analysis)¢] 7%
=3

I 59 A A thE 2 d7It
Fy=o gt Fo AFEREE, Thsty &
Polacek[2]°] 2 Zg A2to] tigt A=A A
A HE& AAF vk ok Merritt {312 a3
gL XY, A IFH F54 7F
o 9% 329234 (harmonic response
function) 8] AT A4S AAAZAZ =
3o AE AFAEE Aiste olES ML
t}. Sridher[4]S Hg2o=z 4y A A&

xgHo 2 Y& Bt Lee & Liulsle A

A S X (stability limit)E Nyquist ¢34 o4
Hoeg = AEE 3 uk Ao} Altintas 9}
Budak[6]& 1= U 7159 A" AdAA si4 e
THX &4 (eigenvalue problem)E EUEE A
22 e A o

AR UG FEA] AL, AEHG
Aol tist ArlHiol ™ g 7*1101 54 2%t 47
Holof sty £, sHEF X (chatter loop) ol &
29 A7Ho8 AJRZr XFsHo oz
T 4AE A 9= e Aotk
gtA, A7l el Ao} Aol b A sF
& Y% e AAHTE AyHAF 77t
AAF ok gt Yy, AFARE olgd £
oe] A7t AANHI YA FE AP Ut

B ERAE, 99 13 A A4 A

—440—



(regenerative chatter) 34 #4of ZAHS A
Zldlol®g Ao} AlQlel AAe] @It AFTT
ANIAPGEE =TT A Ay FZ9 54U H
< FEA FBA, 4 33, vl 4 H A
a3 ZA7HolRE A7 FEAAE nHd A
Y uE-xE dog AL} Mg A &
g Edte] A AAUEFel didt A7Eel R
Ao ALY 8L FAEST. a8ln 9¥Y JHF
AEE 53t AEPLGE #9398 B3, o B
dted Azlelolg AolAd HAYEFS Fstuxt
gtct,

2. AAAYE B934 9 A4 4

AR £ 018 AH (cutter) o} 3 F
ZE AAgde ¥A4E e Zdd AHd
A 3]

o

| sk A FA A, A FA2, 27w
Bl A FFHe digh Auirga Fo| a7d
o}, Kyung 3 Lee[7] 98] =FoiA dF4€ v U=
Uy Fxo Az 9 YEHAIAAY ARE

e we Adsd ged 2o,

1=

2.1 Y S

ig. Uy F&A9 HATAE, Fig. 2
A NF=E veldcoh Figl ol& 8
T2 = g ol ot FAH 2 Py,
AZNeogzHE zZtzh wRawE oy, Wy
A z2lz AE Aol AEE yERglth Fig. 2
o= v)22} 3 %) (uncut chip—thickness), u,
W7 9 AN MY, FL.F I8l AR
B9, v,z 7t vEd Ao
AYANE PR AE FIHE oS 4
(1= 2o

Mc qs +(Gc +BcKampKsz) és+

i,
N
>
old T

1

E;b BFKtAﬂTc(qs_l - g9t

(K, +B.K, K,K,) qg

=—;-b B, K,A,U, (1)
0:17]}"1, qx={y1’y2’21’22}r’

T
qs—l = {y, (- %), y,(t— %), z,(¢— %), 2,(t - %})}

Jg 2gehe ¥ 202X FE] Aok,

oy 22 o2 L8
off md -

o
fer

Fig. 1 Coordinate systems of the milling spindle

vibration marks “\!/

Workoi
orkpiece o5t by tooth() /sr

]
&

u
vibration marks
left by tooth(j-1)}

Fig. 2 Schematic representation of milling process

a8z, M,, G, K, B, B,, K, 18%
K,c 27 A%, Aolz2zd, 34, AEWH,
AR, vd 2 o AJd yHEE vepdch
A fAAelA e WHAWEE  Ued
wmp S K = FHGEZ 3 AA AQ oz
vehdoh g 9 b = 7 Fa A &
veldch 4, & JHEAFE dERdd.
A AxlA e A A HAgE A
HXHT Yo}, U, & olFEE g
dot, u v FHE (overlap factor) & e
AWl q,=q, " E AT F A
PR AR o8 I O 22 A

=
B FZ 543348 78 & Qo

r>v

>

I ao o

£

N

M, 2 +(G,+B,K, K,K)A\+
T

-—A
Ly B.K AT, (e ¥ -1)+
2p

K, +B.KuK,K,= 0 @
A7IM, N, T & ZtZt ¢ F(number

of tooth), & 7] (tooth period) & Wbt}
()5 HAEHRE, AAYE, 2YHY

W3 aElm Avideig e A w3sl Ale oA

Aol A YTE FE 24298 AT F ok

2.2 AH A A

—441-



dAMTE ot g HaT g 9e
i3S AAsted AEE, 48 By ol B
o AW £ U, 445 2 48 dobe)
REr A Jf*ﬂr ANE $5F ToEste] 2

ek

3
42,
=

5

aE
=

A OHv

AR BAE A9 A (D), At
A @*r“‘ fref gl {2,2)  Pade
Approximant [8] & A E A17)3, ()& A9

B2 AP AU DRALAL Ged
2ol ¢ % Atk

Ai=B &)

@) e 0§ EAE Matad

#e Ag Xragor HA ANEY 5 U A
8 FR5, @ F Adste 45, 43)228H
A G, T & tﬁ:éﬁ-} 54»’}“3}% A8 ¥ o =
07t BEE st F9$E 89 ojzie] Ay
F3pgr} Ak

AFAEE &g @) verd why
Zo) oM A Ae Fagest FRHE AR

Ao FAAEE A
-t @
N{n+v)
A7, n, v, f.V

= 47 &
718) A4 gk, § S0 olvkel JdBE g0sv
1), A Fh5(rad/sec), 283 AUE 5

€ viepddh
3. Arideld A¥ S5 ¢4AE MY

X}?}ﬁﬂﬁi%" w4y 2 dA 2de #x
& Figd o webdic, & 55 4L ¥

i

L eicls ﬁ‘* djolg s 3hi %% B wolyg, Uy
Faks ﬂ%"? W TEg :%H%wf F& 142
Za AYE A4 280 mm, AEE 2 2 2
2 4.37 kg Aridlold F 0.4 mm, sholalA
A% 3 A Folnh

ﬁ%ﬂ/‘%t Apziwol g el vig Bl AlE Ao
Aol g Ae AF4 F%E HEH Laxt
gk EdEE & A7 AAS dHe o)
B3] FAEIT7], A" e AiARLY ¥
e H¥or 7 o W M T AAE
ok, 4R WYL g% Agshe E¥vlw
3o ¥ " ASE 1,500,000,000 N/m?
AT A ojgrtd UPAEHN T
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Fig. 5 Stability lobes with the derivative gain(kd) of the
front AMB changed(kp = 1.6 fixed)
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Fig. 6 Displacement of the spindle at the front
bearing(kp = 1.6, kd=0.0005)
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Fig. 7 Displacement of the spindle at the front
bearing(kp = 1.6, kd=0.0005)
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