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Dynamic Analysis of Spindle System with Magnetic Coupling (Il)

Seong Geol Kim* Jang Moo Lee**

ABSTRACT

Using the mathematical model of the torsional vibration in spindle system with magnetic
coupling, which was proposed in the paper of dynamic analysis of spindle system with mag-
netic coupling(l), we derive the equations of the motion and the form of the derived equa-
tions represents Duffing equation, Numerical analyses are executed in many conditions,
namely the various types in magnetic coupling, changes of the gap between driver and follow-
er. To verify the results of the theorectical analyses, a precision dynamic drive system is
manufactured and methods of the test to measure the torsional vibration of the spindle sys-
tem with magnetic coupling are presented and tests in various conditions are carried out.

Key words @ mathematical model(#*84 =d), torsional vibration(¥|E5% ZE), magnetic cou-
pling (k298 AZ4), Duffing equation(Duffing H44)),
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1 Schematic diagram of rotating spindle with
magnetic coupling

Fig.

0, : applied angular displacement

@ : angular displacement of response

-1 - polar mass moment of inertia in mag-
netic coupling of driver spindle

J,..: polar mass moment of inertia in mag-
netic coupling of follower spindle
J, @ polar mass moment of inertia in main

spindle
J, : polar mass moment of inertia in adaptor

Fig. 29] %4 2de ogn & 7pgsdA =
dyslgel, AR otode A F7) WoldE F
Z o9y $2, 755 rlady AZYH F5F v}
dE AEY Alelg) 7 B9 Wl Hjg] AFoz
zZb W9 Ayt A9 LA ¥orE A (rigid
body)eltt. A, TEFAM £F552 AesHe 7

8
9

L+Tm+],

nonlinear spring

Fig. 2 Mathematical model of rotating spindle with
magnetic coupling
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% EfAr (D43 2ol TEES $FF Alld 4
oz sined® Fejoln, WAE wEY 22
olth

T =T, sin(6, - 6)

T, : maximum value of transmitted torque

O

2.2 25 Wy

Rade AEYE 3 349 VEY AF
WAL Bld ATIL 3R FA9 FAAY
(1)®14 AR A5 o] (242 Duffing ¥4
4o S Fug geth

2 3
dd:,z’" + wf(é)m - %") = w*Acoswt (2)
7],
Jr=d+J, +J,
6, =0-6,

A : amplitude of excitation
w : frequency of excitation
w;=T,/J;

@)4& Z7] 99 Ritzel FFH? (averaging me-
thod) & =8ld, 7857 £EF Aold 7 6,2
(3) 47 o] 17 SARIR 7P stAT

8, = ag(t) = acoswt 3)

a : weight factor(amplitude of response)

#(r) : selected function of time

A& (229 ey F, Ritze] BFHEANN 3
S A8 (@49 AgeY, Tl A AB@),
M RAES W, A nh AFFw) T WE $7
AZe) 4 (54 FAEL

f: [~w?acoswt + w?(acoswt —1/6a’ cos’ wrt)
- w?Acoswtr]-coswt dt =0 4

&)

(4% Ze Duffing W34 w88 3401,
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AZE 49 $HE A EH A B4 Gump ph-
enomenon)°] HAHTY, HIT A4 AZdE
(jump-down) & HZY jump-up) BAe] A},
Ax gL B AFpdA 52 AEFE 7 2

5 o|F3HA §F/ AZE 3EW, F=gd JEF
(jump-up frequency)olX ¢ AFe] FZdhe &
goln, HEvhE FAL W2, & AT 2L
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o slaue A2 Yool BE A 14 AFR,)
E 759, Table 13 7t}

Table 12238 thge) 2zg ¢ & vk A,
599 234 AV AR ZAYH, A9 nF
1547} 2100 SA, 98 sladg ABYAA,
23 2707k FAe, A nh ABeE B,

(1 AN I

4 19 fadde 48 74 AZ @) A Bl
e AZHY] 2 gejo] digh 13 A 4L F3P5
o FxY AFFE Adasc, =9 Z7)71 W,
rlodg AEYe] A0 Ag EeA(T) S A o

Table 1 Natural frequencies for types of magnetic

coupling
aplmm )

Type 05 16 40 50
CD100F 22,81 22.35 20,41 19.89
CDSSF 18,58 1762 162 1439 |
CD5OF 842 7,53 558 519
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Table 2 Results of analysis I

Type Gaplmm)| g 16 40 50
ofradisec) | 2281 | 2235 | 2041 | 1989
CDIOF | @y (rad/sec) | 2167 | 2124 | 1938 | 1889
ratioly) | 2646 | 2676 | 2676 | 2676
o(radisecy | 1858 | 1732 | 1620 | 1439
CDSSF | @ (rad/oec) | 1765 | 1693 | 1639 | 1367
ratioy) | 2676_| 2676 | 2676 | 2676
o radfsec) | 849 | 753 | 558 | 519
CDSOF | o (radfsec) | 799 | 715 | 530 | 4%
! ratio(y) | 2676 | 2676 | 2676 | 2675 |

AFF(w) 3to] WA B
2,

-7W AEQ) 210477

- 7 (gap) 1 05mm, 1.6mm, 4.0mm, 5.0mm

2 A4eA ARFE A AEE A AL
AYA s} vimwer|fs 2F€E golth. Table 2& 3
A 19 AAs Jehlz glod, 84 19 298 3
39 ohgo 2ok AA, B3] FU1E, BE nia
e AZY Fee) FzY AF57 FaeH, A%d
HEY AZFAN 7H AFe) g ¢ FY ]
(ratio) & B4 d3sith, &4, 9& 1504, vk2
HE AZHe A AErF Az AT A:
ot AR, 4% vty AFYHAN, =9 27
7b 37k, A=z AFFe 2o

Fig. 32 7t=o] 1.6mmgQ), CD50F wtade A&
Fol g H4 AAE AR,

A4 19 zde o

2 A4 1
A 19 Sidye T4 A ntd" HE

1.0

) ﬁ\\ rereT
L)
é 1.4 |

0.7 |

o1 - n . . " re—— A
0.¢ 5.0 10,0 15,0 20,0 25.0 30.0 35.0 40.0 45.0 50.0
(radfsec)

Fig. 3 08, for frequency of excitation
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Table 3 Results of analysis I

‘T e Ex"éﬁgz":.f(%f 21047 12005 | 84188 !
o, (radise) 2231 28 L ozm

o lradisec) | 2167 | 2105 : 2012

CDI0OF | Amplitude of | 0510 | 0630 | 0770 |
‘ Response(rad)| 1020 | 1260 1541
_ratio(y) | 2676 | 1615 948

@ (radfsec) | 1858 | 1858 | jm58 |

o (radisec) | 1765 | 1714 | 1638
Amplitude of | 0510 | 0630 . 0770

CD85F
’ Response(rad)| 1020 | 1260 | 1541 | 1854
o podetyy | 2676 | 1615 | 948
@ (mdisec) ' 849 | 849 | 849
o (mdlsesy | 799 | 776 | 742
CDSOF | Amplitude of | 0510 | 0630 . 0770
‘ | Respouse(rad)| 1.020 | 1260 i 1541
L _ratioly) 2676 | 1615 : 948

Sea] AT
B3 2o

ol 2 Hefo] F =5 g Ay e
AEFE AT o4 19 =h¢

- 7B AE(A) 1 2.1047°,4.2095°, 8.4188°
16.8376°
- 7 (gap) : 0.5mm

Table 3% &4 [9 Z2#% viehdic],

A4 14 2AE Fgsd e 2, A4, A9
I AsFE 7R AZDE 4] glenz, nfoy
g A%y ¥y d2 43T gL 2= 24, 42
AZY 37|17} Z7}g2=2 n= FHege oadE AZ
oA &g o] ST AR, 71 AEe F7]
7} 2718 E BE FH9 nhdE AEYM F=
d ABFe A48 dH, 7k %9 A77 Fb
4% 2E gejo wadg AZE

o4 7ka Ao
Be 2@ AL ¥E Z2FT oA, chadg ﬂ
£3 Fuj) ABgo] 398 A A& U FL4
2% AZg et JAA, Bady ASY ‘%‘Eﬂoﬂ
Aagol 23 77 A2 qaid Yzg 55t A
o 2% 454 Aol Table 4% 2& A7 49
i},

Table 4 Correlations between ®, and @, for ampli-
tude of excitation

Ampiitude of
~Exatation(*)| 21047 | 42005 | 8.4188 | 168376
ratio(y)

o, jo, 0950 | 0923 | 0882 | 0824
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Fig. 4 Precision dynamic drive system
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Controller(Waco Co.)
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(B55-400)
Magnetic Coupling
0
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(Gate Co., USA)
4 Sub-Spindle

AR Block-Head
Universal Air Bearing Spindle(P! Ca,)

Fig. 5 Schematic diagram of precision dynamic

drive system
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Table 5 Experimental methods

Type of Magnetic Coupling Experimental Methods
+ Ecsentricity © 0.0 mm
* Gap{Drver & Followsr)
* 1.4 mm
CD 100F a Input ¢ 01V{Test D

b. Input * 007V (Test 11
¢. Input T 0.05V(Test 1I)
* 4,0 mm(Input:0.05V, “Test IV}
* 50 mm(lpput:0.05V, Test V)
« Gap : 1,85 mm
+ Eccentricity
" 0.0 mm{Test VI)
* 3,0 mm(Test VI

CD 85F

HAZ A4 (Gump phenomenon)& FH5AF k.
A8 PP E 7#dd ST 2 A, 7FF
e AEHE FES ¢ gHR sHE] 9
4 w47 (function generator) & AMgsld 2H
Aoe Fsisict. A, TESZH F539 A 2
+F A4S 2N A8 7YE TR &= AE
TEEY $%% vlavy AZY AR AT A,
Aed 99dM 7EEY TE5Y sy 2¥E"
(power spectrum)€ &437] H& F.F.T. £47

E—/‘}%"‘}‘ﬁﬂr WA, 23F9 stodlE AEF) tst
o MEE AFE FASAT. A, B¢ wANE
2H9 7 AgsE T7F BB ARAIEA sl
g A9 A2 A48 FRFA A, -TL%%-I
M AFE WRHRA FEHY &F AEE AT

A SeHn, TEEY $EF 7?3(gap) =
AAsEM 29 -rﬂ?s}ﬁﬂ} Table 5& ®E% A
T e 43 22% vehdr

Fig. 6& vlavg AZY9 HEY 152
A8 ANE 7HEE A€ vehln o 2

F3 a7
2 439 4

Fig. 6 Experimental set-up with accelerometer sys-
tems
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Table 6 Comparison of results in test [, I, §
Test I Test O Test III

Exciting Ampfitude(* ) 4.71 292 210
Jump-up Frequency{Hz) 76 78 81
Max, Amplitude of Rezponss{” )} 30,49 29.61 2448
ratin(y ) 124 1013 1163
Jump-down Frequency(Hz) - - 72
Max, Ampiitude of Response(™ ) - 36.10
ratio(Y ) - 1715

Difference betwesn j _ 090

ump-up & Jump-down(Hz)

e TEEY 74 A2 g 2529 ¥ A%
H] (ratio) & -‘H’%(phase) o2 Fig, 79 AXEHH

4.2 Zote| 4E

44 1, I, 19 27 4=

EY3 utde #E= (CD100F), 7= (1. 4mm),
AN, 0mm) delA 71d AZE WHIAAM 4F
3 ANE Table 6o AAFADL, 1 AAE ¥T ¥
Hahd ol 2

AR, 71 AZo] A wa A=Y Gump-up)
AFE7} Zolrn), 24, Hd 27 AFY I7le 7}
A AZo] AAd wg} ST AA, W e 72
2 AdME 1R A ZFo) .05V AF TeAAg A
253, 717 AFo] & AY I, [dMe FFF0
Te2g narlr £iln 9% WgeF A= &
Ao) wA gt TR, AZY AFFe JEUE AT
9] ol Ay ToA 0.9Hzolwh

(2 44 I, N, V9 45 Hu

E9% oldlEl AEF (CD100F), HAZF (0. 0mm)
M RAZ(0.05V) el TESFT TFE Aleld 2
g wAdHA A9 AFE Table 7 AAEHAU
2, 2 2RS¥ $A5E T 2o,

AH, Fo] F/Hge) met Y=Y (ump-up) IF

Table 7 Comparison of results in test I, W, V

Test IH Test IV Test V.

Geplmm) 14 40 50

Jumip-up Prequency(Hz) 81 71 57

Max, Amplitude of Response{” ) 2448 2282 zroz

ratie(Y) 1163 1084 1284

Jump-dows Frequency (Hz) 7.2 6.2 i3

Max. Amplitude of Response(® ) 3610 23214 38.16

ratio(¥ ) 17215 15.27 18.13

Difference between

Jump-up & Jump-down(Hz) oa o8 M J
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Table 8 Comparison of results in test I, W

Test 111 Test VI
of etic Coupli CDINF CDEsF
Jump-up Frequency(Hz} 81 74
Max, Amplitude of Response(* )| 2443 27.89
matiol Y ) 11,63 BB
Jump-down Frequency (Hz) 7.2 6.6
#Max. Amplitude of Responies{” ) 36,10 4791
fatin(Y ) 1715 L2
Difference between 09 13
Jump-up & Jump-down(Hz}

F7t gadh, A, 9] 74 Wt Ad 8
ALY Ale AY 4 AA, 5] S7H
wel Lok ARRE it A, 334 4
glol 7k AZe| qF Aol &7 WE9 ¥ (ratio) &
A9 dHsirt,

(3) 4% 1, V9 23 Ha

Y AAF(0.0mm) 7H FZ0.05V) R A
& 3 (CD100F:1. 4mm, CD85F:1,65mm) &elAl
rlavE AZPel e E AFSEA AEF dae
Table 89 A&, 7 A3E Bz 2489 e
# g,

AR, vlodE AEHY JA¢] Fe4E A2g A

Ascanaing

--------- Descending

Ratio of Amplituds
=

0 2 4 ] ] 10 12 4 16
Frequenoy of Exoltation (Hz)

(a) Ratio of amplimde in frequency domain

— Rscending
e Doscending

-100
150
200 bt
[ 2 4 & [ o 2 M
Fremmncy of Excltatien (Hz)
(b) Phase
Fig. 7 Test 1
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£47) Fadn, Aq ¢% A8 rle e,
A, i AZY 470l 4855 Ao A
g4u #adm, Ad 8% V59 e ke
AR, e AZR 470] H4E A4 A
g A $% A% v S, WA, ot
ALY ARo) 4845 AW AF4S HITE
AFS Aols] ol7t AAL,

@ 48 ¥, 1y 43 vx

BYF 1=(1.65mm), 7HR AF0.05V) 2 v
g ASY(CDSF) dtold HAFE BAsds, F
&3 F5540le WAL 5% AARY golg
3mm &3 44L Pt 483 AFH+= Table 9
o AAsR L, 1 23E vlm B e 2,

Az, A o] F71dd] we} A2y AFFe F4
sa, o we Ay 7 NEQ AV ForE &
A, BAF] Z/15 wel Axohe AssE Fhd
2, 3 $F AZY A7 E AY TUD ;e meh
AR, AAF] F71d v} 7R AZ4 i Jo
S5 AEZ9 vje A9 dAsith v, WA Ft
ol mat A= AFeet TS AFS Alold] 3
ol A3},

4 B

B =@dAME vladE AEEE FEAE FA49 F
2 (D) eA AAE FA9 HEF AF A9 7
g2 Rdg o] gite, HIF 24 @5 g £3
A4 FARon, AXE FL 79 dF A2 E
AHgste] o] 23 a4 g HAFIHATY 2 A+ E
Fa Aol 2AE AFeEdE dedt 2,

A, I8 I3 (gap) oA wtavE AZRY 3

Table 9 Comparison of results in test ¥, VI

Test VI Test Vil
Eccentricity(mm) 0.0 3.0
Jump-up Frequency(Hz) 79 73
Max, Amplitude of Responsa(" ) 27,89 30.49
ratioY ) 13.25 14.49
Jump-down Frequency(Hz) 6.6 6.0
Max, Amplitude of Response(® ) 4791 47.18
ratio( 'y ) 22.76 L2242 |
Difference between 13 13
Jump-up & Jump-down(Hz) ) i
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el 3A =4, A vEd JAF 1& AFFe Bt
a3, B9 vtadl" AZYA 39 @I Fvt
s, A9 HEY A% nH AFS4E o A,
TETS B55 Aol9 7150 F718H, ZE vl
8 AZY dd9 A=Y 2A%E4 (Gump-up frequen-
cy)7h #&E, Add d=g ABfdA kA AE
o dg 37 2A=E v (ratio) & F& LFL. A,
W AZe] a7 de%, 28 49 vadg
AEYAA &7 AFo] Frkeiv], AEQ AFFE Z
A WA, flovEe AEY e A gl 9%
7t A E disted] HEQ] AFeet A9 HEH 1H
AFs Aol 4% AA7 RS, AlA, =k
Y AFEE AT A9 vEE AF APA HE
d 159 342 NEEAE Ao, ¥d F4
14 Aael B9 A% Ueplie] o) & Y AHE
Az dAA, A fdAe AT 5 A
FEDL AESF(jump-down frequency)E AR A

£ AEIA 24T & Ut

HAEH
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