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Abstract

Large Lorentz force which is produced by a éddy current and a magnetic field is applied
to conductive thin shell structures in fusion reactor and magnetically levitated vehicle. When
the structures deform in the magnetic field, the electromotive force, which is produced by the
deformation velocity and the magnetic field, reduces the eddy current. Therefore, it is important
to evaluate the electromagnetic and structural coupled effect or magnetic damping effect for the
design of these components.

In chapter 2, the coupling intensity parameter and the ratio of coupled time constants of
eddy current and structure are proposed as the evaluation parameter of the magnetically damped
vibration. In order to verify that these parameters can indicate the characteristics of the magnetic

damping, numerical calculations were performed. The results show that

e the magnetically damped vibration obtained from the finite element analysis agree very well
under the various condition to keep the coupling intensity parameter and the ratio of coupled

time constants of eddy current and structure constant,

e the coupling intensity parameter expresses the magnetic damping effect and the ratio of cou-
pled time constants of eddy current and structure expresses the damping of the deformation

of eddy current mode,

e the classification of magnetically damped vibration using these parameters is verified by the

results of finite element analysis.

Chapter 3 describes two simplified analysis methods for the magnetically damped vibration.
One is the method modifying the result of finite element uncoupled analysis using the coupling
intensity parameter, and the other is the method using the solution and coupled eigenvalues of the
single-degree-of-freedom coupled model. To verify these methods, numerical analyses of a plate
and a thin cylinder are performed. According to the comparison between the results of these

methods and the finite element tightly coupled analysis,
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e the comparison between the results of the former method and the finite element tightly

coupled analysis show almost satisfactory agreement,

¢ the results of the latter method agree very well with the finite element tightly coupled results

because of the coupled eigenvalues.

Since the vibration with magnetic damping can be evaluated using these methods without the
finite element coupled analysis, these approximate methods will be practical and useful for the
wide range of design analyses taking account of the magnetic damping effect.

Chapter 4 describes the resonance characteristics of magnetically damped vibration. Accord-

ing to the results of finite element analysis and the single-degree-of-freedom coupled model,

e on the harmonic vibration, the resonance characteristics are different from the general damp-
ing problem because the magnetically damped vibration is based on the 3 order differential

equation,

e on the harmonic motion of the base, the resonance angular frequency is increased when

magnetic fields become strong,
e the amplitude of resonance curve is decreased using high conductivity material.

In chapter 5, the numerical instability of the coupled analysis is examined using the recurrence

formula of time integration scheme. The results show that

e the staggered method using the velocity of previous time step to evaluate the electromotive

force is most unstable in the various staggered method,

e the staggered method using the evaluation of the electromotive force with forward difference

is more stable than the staggered method using the velocity of previous time step,

e the simultaneous method is unconditionally stable even if the magnetic field and the time

increment are large.

In chapter 6, the conclusions of this study are summarized. It will be expected that the
results of this study are useful and applicable to the design activity of the components settled in

the magnetic field.
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Fig. 1.1 Overall view of Tokamak type fusion reactor
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Fig. 1.2 Electromagnetic and structural coupling effect
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2.3 BRMEREDBEITER

Table 2.1 Magnetic field, material property and thickness of the reference problem

Magnetic field B,[T] 0.5
Young’s modulus E|[Pa] 1.10 x 10
Density p[kg/m®] 8.91 x 103
Electric conductivity «[S/m] 5.81 x 107
Thickness h[mm)] 5.0
Coupling intensity parameter C2, 0.127
Ratio of time constants of eddy current and structure R? 0.0733
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(b) MEMTIER
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BBEL /ST A —F 5% 0.127, ReEEEDT 0.0733 & 2 AW, B LUREOM AT % Table 2.2 |2/R
¥. Table 2.2 X 0, ERBE/ST 2 — 5| BLUBEHRILE AV SHREFETIE, 28D
Yo TRIPBWT, INLDNNT A= P RERBOLOLFELICRS B, h DHEEN 22055
ZENDDDE. FIT, BORLEEIIBNT, 8WEE BO L L, MuEEY B® BTt
127 5.

[E, BO), h] DHAERIZBWT, HERBRSEIC L VES R FEHRO HHETORIIEE &
Fig. 2.4 127§, Fig. 24 2BV TIL, BEIZEROBEE B T, B8N -bAH v THWTH
BILL TV, 2T, $07:bADERIZOWTHRRS. Fig. 2.6 IR THREED TFARICET
% IWEIAT, Fig. 2.7 (a) KR T y AR TG RWEHICET 24 0 ¥ 7 ¥ v A2 BAL ZRER
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2.3 HERBIEIRE O AT R

CHELWERET S, 7221, ITTR, LIFRER S, bI3ARIE, c3BEL T 5. Fig. 2.7 (a) 1243
AEBIE, 77 97— DBHAEOER LY

B 1\ 8B, (t)
Y70, Fig 2.7 (b) WRTHME LS. T (235)R& D, y FADBREE j, 13
.. 1\ 9B.(t)
% =& (1 5) 2 (2.36)
Y%A, #ZT,Fig 26 CBVT, By & j, 10X o T, FRICET 2 HEARL Y BRI
_ _ 1\ 4 9B.()
f=& (a: 2) B, o (2.37)
Efh. LIzho> T, Fig. 28 IWART L), RES FMOSAREIX
- B 1 OB, (t)
f' = fbc = bek (:c 2) B 5t (2.38)
Eeh. COFHHEIZLAFRDIbAE, BDIzbADR LD
_ 1 0B, (1 5 1 4
w= Ebanm ey (120112 yrid ) (2.39)

El b, RL ERYY 7R JEKE2RE-XAV I THD IoT,o=1,t=0I12BIFT5F
WO BEHmTHIzbAL (2.39) LD

1 8B,(0) 7
Uy = Ebh‘ﬁ;Bﬂ: 3t %

EAb. ZO (240) REBWN/I2DAETEH. ZOBNbATEME BERL, BAERBTHEELH
BILL7:Fig. 24 &£ 0, FhEThOY VR BT HIRGFILEE, BEET VO DL X { —FKL
TWAIENbhb.

[E, B®, h] DAARICBIT 2RO HHBETORBIGE % Fig. 251287, 20 Fig. 25128
WTh, FRNEROY YV RIZBIT HEESEIL, L—BLTWAZ b s, LAL, 20
IREYISEL Fig. 2.4 1R T EEREOREICE L 1X, BOPIEI SO TD 5.

3 (2.40)

Table 2.2 Analytical conditions for specimens of C,; = 0.1270 and R., = 0.0733 with different
magnetic field, Young’s modulus and thickness

Young’s modulus | Magnetic field | Thickness
E [Pa] BY[T] | B@[T] | h [mm]
1.10 x 10° 0.281 | 2.90 15.8
1.10 x 1019 0.375 3.87 8.89
1.10 x 101! 0.500 5.16 5.00
1.10 x 10'2 0.667 6.88 2.81
1.10 x 103 0.889 | 9.17 1.58
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0.010

0.000

-0.010

Normalized deflection

~—— E=1.1X10° [Pa]
- E=1.1X10" [Pa]
-- -~ E=1.1X10" [Pa]
—— - E=1.1X10"[Pa]
—-— E=1.1X10"[Pa]

-0.020

0.0 1.0 2.0

Normalized time

3.0

Fig. 2.4 Deflection of the plates with different magnetic field B), Young’s modulus and thickness
(Ces = 0.127 and R, = 0.0733)

0.0000

-0.0002

—0.0004

Normalized deflection

-0.0006

—0.0008

—— E=1.1X10° [Pa]
e E=1.1X10"° [Pa]
---- E=1.1X10! [Pa]
——- E=1.1X10" [Pa]
—-— E=1.1X10"[Pa]

L

0.0 1.0 20

Normalized time

3.0

Fig. 2.5 Deflection of the plates with different magnetic field B, Young’s modulus and thickness
(Ces = 0.127 and R, = 0.0733)

Fig. 2.6 Eddy current on the plate
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2.3 BEXIRIEIRE) DN

)

(a

z /y

Fig. 2.7 Electric filed and current on the plate

x=% . X
l
f'=bcx(x—5)3x%

Fig. 2.8 Distribution force
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2.3 SR EIRE) O BT R

(c) BSEMELE BV - FHADMER

HWE h = 5.0 mm 2B LERBE/NT X —F OREFIIHTT BEIFERIL 4, w, BT 572
% Fig. 29 X2k, HMEICBWT, ERBE/NT X —FfH C = 0.127 &L 2 ZREBH 2 4,
B AB,=05T) L H BB, =516T) "FLETHILDb2 b, T02mEERE— N EKE
(2.10) TR L 728558 % Fig. 2.10, 2.11 IC7R"F. Fig. 2.10 138 A O (B, =05 T) 12 B 5F
WOBEHBOREEEBLUHEE-F 1, RERE-F 1 OBMESZRLTHEY, Fig. 2.11
12 B OB (B, = 5.16 T) 0B ARBILE, BEE—F 1, RERE—F 1 OBRS%*
RLTWA. Fig. 2.10, 211128V T, BEHt Ry BREBICHEKEL 2Ww/e®d, m A, B BI2B)
A Rp\dF—t7%5h. /2, AA FBIXBITS, BEE—F 1 OERME/ T XA — & OFEILFE—
Thb LoT, HA HBOEMBIBNTE, EREENT X—FBIUHERILEIE—~TH S
PIREHF I E) DD L R o TWA, L7z TC, BBlE /N7 A — 7 LEERIETI, 2o 2o
DRERERBIGEZ R TAIENTERY, £2C, ZOMEL BRI L HEL LT, KET
MR ER 2 AW SRS L RO REHEIIOWTREY 5.

10° [ S A —

I
—— Thickness = 5.0 [mm]
I

paint A point B

Coupling intensity parameter C,,
=

B=5.16

I
I
I
I
I
|
I
|
I
I
|
I
I
I
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i
1
|
I
|
I
1

0.100 1.00 10.00
Steady magnetic field B JT]

Fig. 2.9 Change of coupling intensity parameter with steady magnetic field B,
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2.3 BESBFEIRE) O BATRE R

0.005
E
'E 0000 " _—-r—-fr—— X e— e — -
b
A -0.005 Deflection at the free end-
------ Structural mode 1
i —-—- Eddy current mode 1
_0-010 1 ] 1 1 1 1 1 1 1
0.00 0.02 0.04 0.06 0.08 0.10
Time [s]
Fig. 2.10 Deflection at the free end (B, = 0.5 T)
0-001 1 1 L] 1 ¥ T 1 ] 1
— 0‘000 l‘l ," ‘\ BTN o e e L e —
B Deflection at the free end
iy eflection at the free end
.§ hal 00 e Structural mode 1 1
q"-_-;% _0.002+ —-—-Eddy current mode 1 i
2 L
-0.003F
_0.004 1 1 1 1 1 1 1 1 1
0.00 0.02 0.04 0.06 0.08 0.10
Time [s]

Fig. 2.11 Deflection at the free end (B, = 5.16 T)
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2.3 HRBERE O AT R
2.3.3 ERMEE/NT A -2 LVERBTEREE —F & L -8B
232 TIE, BERGEENTG A — ¥ ERERES —EL 2 2460 B HERRESEY BV T
i SRl A
ZIT, AEHTE, ERHME ST A -7 L ERBERILE —EL LB e 17, ERRE T
A—% BIUENRNEHEORSKBEEREARZOFMNNT A—F L L TORYUBERIET 2.

(a) MEIFEHTE

Fig. 23 CRTRBICBVT, WE h=50mm &L, CASEI & L THEEEREI 05T O
W&, CASEII & L THEEHBESA 5.175 T OBFE% HHEMBLTL. 20 2207 — AIZBlT
BEBEE/NT A— ¥ B LU ERREHILOEE Table 2.3 I27R87. CASEI 13 Fig. 29 ® A A,
CASEII X Fig. 29 ® HEBIZHBLTW A,

ERE T A -5, BLUERRERLS—E L % 5 &0, 2235 (b) T/ H
EEHV5S. W% B, VX% E, BEY p, BBEY o, WEE h & 35L,[B, E, b, [B, p,
R), [B, k, h] D B, h &5t 30OMAEETHEATZER L, EERMESELT HVTERZT).

(b) PREATRER

Wim B, YUK E RE h 8L HABE VYU /E%2 E=1.10x10° ~ 1.10 x 10" Pa @
58V ICRREL, 2.2.3Hi (b) THRRAFEZ L VHFEONL, BINGEE/ ST A— 5 fE C, =0.127 , &
IR ESE Ry = 0.0889 & 2 5K B, E h OMEHE %X Table 2.4 IZ/RT. ZORIIRTE
BTRITZ T2V, JBoN2 RO Bl TOIREILE % Fig. 21212787, ARL Y, #hEho
BRI BT A ERHEET L —HLTWEL I b 5.

[FIRRIC, BRI /NT A — FfH Cp = 0.127, BB ELRILE Ry =434 L2 L%, YV 7

Table 2.3 Magnetic field, material property and thickness of the reference problem

CASEI | CASE1II
Magnetic field B,[T] 0.5 5.16
Young’s modulus E[Pa] 1.10 x 101
Density p[kg/m®] 8.91 x 10?
Electric conductivity &[S/m] 5.81 x 107
Thickness A[mm] 5.0
Coupling intensity parameter C?, 0.127
Ratio of coupled time constants of eddy current and structure RO, | 0.0889 43.5
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2.3 BESRIEIREO ATH R

Table 2.4 Analytical conditions for specimens of C,; = 0.127 and R, = 0.0889 with different
magnetic field, Young’s modulus and thickness

Young’s modulus E [Pa] | Magnetic field B [T] | Thickness h [mm]
1.10 x 10° 0.281 15.8
1.10 x 10% 0.375 8.89
1.10 x 10! 0.500 5.00
1.10 % 10" 0.667 2.81
1.10 x 103 0.889 1.58
0.010

—— E=1.10X10’ Pa
------------ E=1.10X10"" Pa
---- E=1.10X10"' Pa
——- E=1.10X10"Pa
—-— E=1.10X10" Pa

c

0

-—

5 0.000

k)

©

e

0]

i

®

E -0.010

T

[o]

=

-0.020 ‘

0.0

1.0

2.0

Normalized time

3.0

Fig. 2.12 Deflection of the plates with different magnetic field, Young’s modulus and thickness
(Ces = 0.127 and R = 0.0889)

RE W B, WE h DMEEEL Table 25 IR Y. COEDEBIZIVHEREFTo7-ER%
Fig. 2213 1ZRLTEY, AN» L, EhENDEHFICBIT 2EHIEET L —HLTwE I LI

"5,

CDEHC, XY 7E BE WEEELLI LGBV TY, EEBENT A —F, BIUHE
B BB FNEFNOLEBFIIBWTHLE TH L% 01, BARBRERESFHIEIREL IO 25, F
7z, BB/ N T A — & L RERIE R BV TIE, CASET & CASEII 2K3I+42 &
I TE LW, ERSBENT A—F L ERRERLE AW i BV Tid, CASET & CASEII
AXFNTHIENTES. LA o7, BRARERIARIL, EHRE T A — & L ERRERL

VT, —BIFHMET A LDTE 5,
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2.3 MRRERE D MATRE R

Table 2.5 Analytical conditions for specimens of Ce; = 0.127 and R, = 43.5 with different
magnetic field, Young’s modulus and thickness

Young’s modulus E [Pa] | Magnetic field B [T] | Thickness A [mm]
1.10 x 10° 2.90 15.8
1.10 x 10" 3.87 8.89
1.10 x 10! 5.16 5.00
1.10 x 10" 6.88 2.81
1.10 x 103 9.17 1.58
0.0000 T

—-0.0002

—-0.0004

—— E=1.10X10° Pa |

e E=1.10X10'° Pa
e B 0%10 Pa. |
——- E=1.10X10" Pa
— -~ E=1.10X10" Pa

Normalized deflection

—0.0006

-0.0008 b——
0.0 1.0 2.0 3.0

Normalized time

Fig. 2.13 Deflection of the plates with different magnetic field, Young’s modulus and thickness
(Ces = 0.1270 and R = 43.5)

Wi% B, BE p, IRE h 2 EIL& €158 HEL p=891 x 10 ~ 891 x 10° kg/m® @ 53D
KEREL, 2238 (b) Tz HHEIZ & DB, ERRE T X — 5 C,, = 0.127 , FEHE
ERIE R, = 0.0880 & 7 273 B, WE h O A% Table 2.6 IZ/RT. TORIZRTEHT
D, RO B HIC BV ARENLE # Fig. 2.1412R1. FENP S, #NENOBITEGHICBI) 51
BILEE L —BLTWwAEZ b b,
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2.3 BB EIREY O TR R

Table 2.6 Analytical conditions for specimens of C,, = 0.127 and R, = 0.0889 with different
magnetic field, density and thickness

Density p [kg/m’] | Magnetic field B [T] | Thickness A [mm]
8.91 x 10* 0.0890 1.58
8.91 x 10? 0.211 2.81
8.91 x 10° 0.500 5.00
8.91 x 10* 1.19 8.89
8.91 x 10° 2.81 15.8
0010 vt —

0.000

——— p=8.91X10" kg/m’
-0.010 | s p=8.91X10% kg/m’ 1
- -~ p=8.91X10" kg/m’
— —- p=8.91X10" kg/m’
—-— p=8.91X10" kg/m’

Normalized deflection

0020 L
0.0 1.0 2.0 3.0

Normalized time

Fig. 2.14 Deflection of the plates with different magnetic field, density and thickness (Ces = 0.127
and R = 0.0889)

FIRkLC, ERGREE /YT A — 7 C.p = 0.127 , ERFERIME Ry = 435 £ %2 X O %, BEE p,
B B, E h DM A% Table 2.7 LR Y. TORDEMIC L VBN EATo/2#5R % Fig. 2.15
WWRLTED, AP L, ENENOFHEICBT SIRENEL, L —HL TV I Lbhb.
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Table 2.7 Analytical conditions for specimens of C,, = 0.127 and R, = 43.5 with different
magnetic field, density and thickness

Density p [kg/m’] | Magnetic field B [T] | Thickness h [mm]
8.91 x 10! 0.917 1.58
8.91 x 102 2.17 2.81
8.91 x 10° 5.16 5.00
8.91 x 10* 12.2 8.89
8.91 x 10° 29.0 15.8
0.0000

§ -0.0002
©
2
o
©
o -0.0004
@
N
£ —— p=8.912X10' kg/m’
S e p=8.912X10° kg/m’
= -homer - -- p=B.912X10° kgym’ |
— —- p=8.912X10" kg/m’
—-— p=8.912X10° kg/m’
-0.0008
0.0 1.0 2.0 3.0

Normalized time

Fig. 2.15 Deflection of the plates with different magnetic field, density and thickness (Ces = 0.1270
and R, = 43.496)

BB B, BEE «, IRE h £ BLEE1EE HEFRL £=581x10°~ 581 x10° S/m O 538
DICEREL, 2.2.3 8 (b) TRRZZHFEIC L D BONT:, BESRE T A — FfH Cp = 0.127 , EK
BEERLAE R,y = 0.0889 & %z AT B, HE h DA% Table 2.8 IZ7RT. ZORIIRAT N
TO, EHRO H R BT AIREICE % Fig. 2.16 a7, FRD» S, ENENOBTEHIIBIT S
FEHEER L —BLTWAZ EFbh s,
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Table 2.8 Analytical conditions for specimens of C.;, = 0.127 and R, = 0.0889 with different
magnetic field, electric conductivity and thickness

Electric conductivity & [S/m] | Magnetic field B [T] | Thickness A [mm]
5.81 x 10° 15.8 50.0
5.81 x 10° 2.81 15.8
5.81 x 107 0.500 5.00
5.81 x 108 0.0889 1.58
5.81 x 10° 0.0158 0.000
0.010

0.000

x=5.81X10° S/m

Normalized deflection

-0.010 e 1=5.81X10° S/m 7
- - -~ x=5.81X10" S/m
— — - ¥=5.81X10° S/m
—-— ¥=5.81X10" S/m
0020 L
0.0 1.0 2.0 3.0

Normalized time

Fig. 2.16 Deflection of the plates with different magnetic field, electric conductivity and thickness
(Ces = 0.127 and R, = 0.0889)

FIAEIC ERRBE/NT A — ¥l C., = 0.127 , BRI EHIE Ry =435 &2 5 X ) 7%, HEER
K, ¥ B, ]UE h DAY % Table 2.9 IKRL TEY, TOEHFTOMITHERE Fig. 2.17 IZ/RL
TW5,. FAE»S, FREFROEHEICET ZIRBICEE, L—HLTWAI EFDNL.
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Table 2.9 Analytical conditions for specimens of C,, = 0.1270 and R, = 43.5 with different
magnetic field, electric conductivity and thickness

Electric conductivity x [S/m] | Magnetic field B [T] | Thickness h [mm]
5.81 x 10° 1.63 x 10° 50.0
5.81 x 10° 29.0 15.8
5.81 x 107 5.16 5.00
5.81 x 108 0.917 1.58
5.81 x 10° 0.163 0.500
0.0000 .
& -0.0002 .
B
Q2
©
©
T -0.0004 | §
[}
N
w 5
= —— x=5.81X10’ S/m
S i - ¥=5.81X10° S/m
= =000ce ---- x=5.81X10’ S/m
— — - x=5.81X10° S/m
—-— x=5.81X10" S/m
~0.0008 -— e — i et
0.0 1.0 2.0 3.0

Normalized time

Fig. 2.17 Deflection of the plates with different magnetic field, electric conductivity and thickness
(Ces = 0.127 and Ry = 43.5)

2.4 FHli/NT X — 2D HERNEKICET 185
2.4.1 ERBRE/NT A—ZICDONT

EoBEIMTIR, EMERENT A—F, BIUHEHERERLZ —E& LBz, Thbo D
INT A — ¥ DREREBRROFMST A= L LTCORYEOREZTo 7. T2 Tid, EREE
NG A= B IV, EERERLONENLZERIZOWT, | HHEERET V2 AT, BIeic

BET 5.

BoBIIBWTARRAI I, | HHEEREF VIR, £ w BIU BFERF 2V T 2k
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2.4 Sl ST A= 5 ONEHERICKT BHRA

mEHELT
mii + C;T + ku = fe*
UT + C,iu+ RT = B*®
LEHREND. TIT, m, k, [, CT WENEN, BE, B, SME, BERIC L0 &L 2 ER
J%FL, U, R, B2, Cou (3FNFN, AVF 2V A, LY AY YA, NNEREERYS, BEEEIC
SNVELZHEREHNZET. 20 24D RICBVT, T RHEETHIELICLD, v iCHT M
L5

(2.41)

mU i +Rm i +(Uk — CsC.) it +Rku = —C,B” + Uf*® + Rf* (2.42)
PEOLNL. (242) RITBWT, IFE f= 2 EBHL, NNEEES B %
B® = qe” (2.43)
LB L (243) Aid,
mU % +Rmii+(Uk — C,C.) u+Rku = —C,a B (2.44)

o ol

«, 3 :constant

Yk, (244) R, MARERDE, 1 HREEFVCELALLOTH S, (244) ROFEML% 0 &
LA, bbb, HEXAFRXO MM

u(t)y = Are™ + Apel Tttt 4 4l e(mremwst (2.45)

Yl b, L, =, —vs Twii i, FREN, (25) KRR T IROFEFBRL VKT S, iE
MOBEEHE, BEOBEEETHA. ST, FA4A7—DARALD,

Alerotwsilt Al (re—wstlt — =Wt [(AL 4 jAL) coswst + (Af — iA}) sinw,t]
= e " [Ay cosw;t + Aj sinw;t]
EBLL, (245) Rid
w(t)h = Are™ " + eVt { Ay cosw,t + As sinw,t} (2.46)
Ll h. —F, EFEXRIBERNTH D (2.44) X O
u(t), = et (2.47)
Lot L

—Csaf

= MUB +mRE + (kU — C.C.)B + kR
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24 FFMi/ ST A —F DNFERERICET S HE

L b, (2.44) RO —fEEIE, (2.44) ROBFRGTBEAOHETH 5 (2.46) & | (2.44) ROFFFETDH %
(247) ADfITEREN

u(t) = Are™ ™" + &7 (A coswit + Agsinwit) + €& (2.48)

Elrh. TIT, Ay Ay, As BOBAEHIC L VB ENAERTH D, ZORIIBNT, 4, 13, &
BE—FARELVBOLNLIBEROEAFBICHIEL TWA D, E1HBIZRERE—F 0%
BNl TWad . —y, twi b, BRE-—FARELVHONIBEOEREFEICHIEL T
WAHDT, 2B, MABESRLT EALBEORETRL T 5. £ 3HE, NEBEEES
ENEREERIGIC L o TAEL AEMEERL T 5.

BERGRE/ AT A—% BIUHEERERLOERL

1
Ces = L Ry = _ﬁ

ct 2
Vs +wi >

THhHAZLIY, L 23 C, Ry HNT

T ws? wy

Yo _ |G
ws 1 =165 (2.49)
Ye 1 1

Ws - g Rct

Eh. e HEOER e HWT B=aw, ThHALETEHLE

£=a (2.50)

& n. (249) & (2.50) X% (2.48) NicfAT 5 &,

_ws 1 4 - Tf%gj“’"t : Bt
u(t) = Aje R’ e V (A coswst + Azsinw,t) + Ee (2.51)

Eh. ZORD, MARBERICBITAEMOBTH L. LTTIE, (251) RiBWT, F3HE
B, TCRIRET 2 & LT, BBHRIC BN 2 EMO BB KT 4% 1 HE, BLUS2HE
IZDOWTEZ 5.

SRR ST A— 213, (25D RICBVT, E2HECOAFTET S, TOE2HE IR, BERBHER
BA S AR EMOBREESZ KL TWAH LY, BFRME/ST7 A— Y IIHABEDHRS 2 E /Y7
A—FTHLEVRD.

2.4.2 HEHRBEEHLEICOWT

EREERLE, Q5D RUCBNT, F1EHICET A7 A9 Thsb. ZOH1EHBER, BN
Lo THEL ZBETAEMERL TWELD, ERNFERILE, COEMOBRENOKRE S 2RL
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Fig. 2.18 Characteristics of magnetically damped vibration
TWah. BEHE— N ORMESLIREIR & SNSRI & 2 BRI & » TAEL 2EMRSICxHe T
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DL E () chiwl < i_"cht DEXEVSR3 = ACHETE D LA bh B, 2335

L 7= CASE I, CASE II ®#REI0E % Fig. 2.18 IZEDWTHHET 5 &, CASE [ DIRENILE
Fig. 2.18(a) DIREEICKIEL, —F CASE II DREYCEI Fig. 2.18(c) DIRRBIIHIGT 5.

2 o L. BRGNS A— 5 L EREERLTESND D0 2 DORERERIC & ) AR
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Table 2.10 Analytical condition of C,s = 0.127 and R, = 0.5

Young’s modulus | Density | Electric conductivity | Magnetic field | Thickness
E [GPa] p [kg/m’] £ [S/m] B, [T) h [mm]
[Case0 | 110x10° [891x10°|  581x1007 [ 131 [ 842 |

Case 1 1.10 — — 0.738 26.6
Case 2 1.10 x 10* — — 2.33 2.66
Case 3 —_ 8.91 x 10! — 0.233 2.66
Case 4 — 8.91 x 10° — 7.38 26.6
Case 5 — —_ 5.81 x 105 41.5 84.2
Case 6 — — 5.81 x 10° 0.0415 0.842

0.000

-0.005

Normalized Deflection

A 1 2 1 " L L
0.0 1.0 20 3.0 4.0 5.0
Normalized Time

~0.010

Fig. 2.19 Normalized deflection at the free end(C,s = 0.127 and R, = 0.500)

(8) Ll > 2R, ORATER

Cesws
1

AETRL ZBAREERSOSENZLTH LI L2 HRBEEBIIC L > TRIET 5. o2 >
TRy ZUWRY HEKBEE T A — 5 BLUERBERLOMEE C.s = 0.127, Ry, = 0.500 &
BN GG ERELBINTEITS ). EREBENT A— B IUERRER; —E L & 554
DREFREE HWT, Cp = 0.127, Ry = 0.500 & 7 AT EMOE R L Table 2.10 IZ7RT.
B, BWEGOREIZHIzoTIiE, Y 7EE 1.10 x 10, 1.10 x 10%, 1.10 x 10* GPa & L 723
&, BE% 891 x 10!, 8.91 x 103, 8.91 x 10° kg/m3 & L 72354, EBEH% 5.81 x 105, 5.81 x 107,
581 x 10° S/m & L72BAD 3 r— AL L.

Table 2.10 DFFTFHTHEL NI, TFRO B M B 2IEEICE % Fig. 2.19 (2R, R
BWT, B8 RO EA R, B8 OfERNIC L 2B TERENRHABILL TS, &
DFFTAER L Y, FRENIRBIICEIIR —HL TWA I Ldbh 5. F72, Fig. 2.18(a) TRT

BEEFEIRESEEIITE L TWA I EXlbh 5,
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Table 2.11 Analytical condition of Ce; = 0.127 and Ry = 1.25

Young’s modulus | Density | Electric conductivity | Magnetic field | Thickness
E [GPa] p [kg/m”’] ~ [S/m] B, [T] h [mm]
[Case0] 110x102 [891x10°]  581x10" | 219 | 907 |
Case 1 1.10 — — 1.23 28.7
Case 2 1.10 x 104 — — 3.89 2.87
Case 3 s 8.91 x 10! — 0.389 2.87
Case 4 — 8.91 x 10° — 12.3 28.7
Case 5 — — 5.81 x 10° 69.2 90.7
Case 6 — — 5.81 % 10° 0.0692 0.907
0.002 T
0.000
é -0.002
a
3
E -0.004
Z
oo =
e T 20 30 20 50

Normalized Time

Fig. 2.20 Normalized deflection at the free end(Ces = 0.127 and R,; = 1.25)

(b) Zi- =R, DEFBE

Cesws

o = 2R, BT BKE T A5 BIXUHERERLOMEEY C =0.127, Ry = 1.25
b DA R SRE LB AT, O . EEEN T A — 8 BLUEBEREBIES —E L & 55N
DPsE HETEL NS % Table 2.11 127RT. &8, B EGEOREICH 2o TIE, Y 7H
% 1.10x 10, 1.10x 102, 1.10x 10* GPa & L7234, B % 8.91 x 101, 8.91 x 10°, 8.91 x 10° kg/m®
LLIMEA EERL 581 x 10°, 5.81 x 107, 5.81 x 10° S/m & L72HED 3y — AL L.
Table 2.11 DT EMTES NIz, FRO HHEIC B 2EBIGEZ Fig. 2.20 1R, AR
D FNERENITERIIR L TE ), BEBRFEIREFE Fig. 2.18(b) 2R L 2R MHICHIBL

TWhHI ehbHhd.
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Table 2.12 Analytical condition of C,, = 0.127 and R, = 5.00

Young’s modulus | Density | Electric conductivity | Magnetic field | Thickness
E [GPa] p [kg/m’] K [S/m] B, [T] h [mm]
| Case0 | 110x10° [891x10°| 581 x107 352 | 795 |

Case 1 1.10 — — 1.98 25.1
Case 2 1.10 x 104 — — 6.26 2,51
Case 3 — 8.91 x 101 — 0.626 2.51
Case 4 —_ 8.91 x 10° — 19.8 25.1
Case 5 — —_ 5.81 x 10° 1.11 x 102 79.5
Case 6 e — 5.81 x 10° 0.111 0.795

0.001 T v T T T

0.000

— case 0
—— case 1

- case 2
----case3
——- case 4 -
—-— case5
case 6

Normalized Deflection
s
3

=0.002

0.0 1.0 20 3.0 4.0 50
Normalized Time

Fig. 2.21 Normalized deflection at the free end(Ces = 0.127 and R, = 5.00)

(©) i < =R, OERHHER

Cesws

o < B Ry BT EBGE YT A — 5 B IO EEREBEOMEY Oy = 0.127, Ry = 5.00
L BENEN L RELBNE TS D). BEEE/ST A — 5 BLUERREBIT —E L 2 5 50
DIFEFETESL NI BN EME Table 2,12 1Z/RY. 2B, B EHOBREICHoTiE, Y 7%
% 1.10x 10, 1.10x 102, 1.10 x 10* GPa & L 723546, BE% 8.91 x 10}, 8.91 x 103, 8.91 x 10° kg/m?
EL7gA, EERE 5.81 x 105, 5.81 x 107, 5.81 x 10° S/m & LB Ao 3 r— A& L7
Table 2.12 DM FHTH LN, FRO BHEICBT 2 IREISE % Fig. 2.21 12R7. R &
D ZNENBIAERIBE —BL TH Y, BABEEREFMI Fig. 2.18(c) WRL I L

TWABI b 5.
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2.4 i/t T A — % ONEERICET 5 EE
2.4.3 EEAE/INT A —2{EIC & B IREMFEDETAL

B RRFEAREMAF A AR /YT A — & fEIZ EIUT & BUSRA B A BREFMRATIC 220V THRENT
5. BREBE/NT A—% % 0.100, 0.120, 0.140,.. & 0.020 A TEL & TEFTZ TV, IREVEMEDT
BEEGRE /ST A= ZEICENEIE BRI R RETT 5. B, EBEFEREE 0.100 & 5. Fig. 2.22
RTIFARIC BT, FERE/ ST A — F EIZ BT 29 EREH Y, EDOfE%L Table 2.13 1278
T. FROMEERIE ¥ 7 Fid 1.10x 10! Pa, AL 8.91 x 103 kg/m?, 3EE=RIL 5.81 x 107 S/m
EF5hH. ZZTE Fig 22210 X 90T, HENE 1 mm 52 TRE) S ¥ 50%, T, K&
B/ ST A — ZEIZ BT, NREERIZOEIE D 720, e EHS L LSS THH
EWMNE G52 TR S E D &, BNOE — Z7EFELT 5. THTIZIREMFEDEREE /YT 2 —
FREIZENEBEBRPZHELIZ WD, RN Z 52 TRITT 5.

Fig. 2.23 |2 BEBRGRE /YT A — & [EAT 0.100, 0.120, 0.140 D#ER %R T . Fig. 2.23(a) £ 0, HE
REEE/ST A — &5 20.0 % WIN$ 52 &C, £1FEEOBMAEN 7.14 % BAL, 5 2EFHOBED
13.1 % WAL T . Fig. 2.23(b) X b, EBEEE/ N7 A—F5540 % INT A2 & T, F1FEHD
WAEDS 13.5 % WAL, E2HEHOBMEIX 24.5 % BAL TW5E, Lo T, EREE/ YT X —F2% 10
% WY AL, £1EFHOBIED 3.57 %, H2HFEBOMEIL 6.55 % WA T HE VR A, Fig. 2.24
I~ Table 2.13 IR T RBIC L 2EITHEL/RLTEBD, Fig. 224 2256 bbp 5 X )12, ERIRE

Z

\QG y [
B ) }
s I 411
437

Fig. 2.22 Cantilever plate with the initial deflection in a magnetic field

Table 2.13 Thickness h and magnetic field B, for each coupling intensity parameter

Ces || A [mm] | B, [T]
0.100 5.36 0.474
0.120 5.27 0.512
0.140 || 5.19 | 0.544
0.160 5.12 0.573
0.180 5.04 0.599
0.200 4.97 0.622
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1.0 y 1.0
L — (,=0.100 — C,=0.100
T 05/ 131% G T 05t 245 o --- €,=0.140
E : | E - z-
-é 0.0 S oo
o H i
8 -05 «. /4 1 8 -osf el
— 714 % = 135 %
T | <
-1.0 s - ' -1.0 '
0.0 1.0 2.0 0.0 1.0
Normmalized time Normalized time
(a) C.s = 0.120 (b) C.s = 0.140

Fig. 2.23 Deflection at the free end

Deflection [mm]

0.0 1.0 2.0
Normalized time

Fig. 2.24 Deflection at the free end for each coupling intensity parameter

NG A—FER 20.0 % HATHENSE S L, RERBOSSAL MM E B >Tw . Lo T, ikE)
KPR R /ST A — Y EICERRTHH L VR 5.
RIZ 1 HEBEEERCET VI &) REFEO BB AT T 5. 1 HHBGERET LV OME

2
_ws 1 = _EHZ"“"st :
u(t) = Aje” Rl 4 e V1705 (Ag coswst + Assinwst) (2.52)

LB B, 12151, Ay Ay, As BRI Lo Tk AEHTHE. 20O (252)RD e =t
RFRARLIEICLY, B2 BBEOREOMPELFMT S 2 AT, ERBE/ YT X — 5 a2
0.100 A5 0.120 2L 72850, 52 BB OBEO RS EHHET 5 &, 120 % L% 5 (EHGR
BE/XT A— F AT 0.100 & 0.110 DHAIX6.20 % L7 5). ERARERMFTIE 131 % &%
7B, (2.52) RICHPRGE 52 THE, BOBELFHET UL, ERARERFNTRO NER
FY LoD, BT, B2 EHEBOBEORS BE EMIFHET 5. AL MRS A

wst
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24 YT A —F OHFEREERIZEET S BET

DI (G~ Gy LT BE,

—2m c
& 1_—883: ~ B—Q?TCH (253)

k7%, 2T AC,, ZMRME/ST A— 5 DWINGTE L, e 2r(Certh0) £ 57— 5 BBAT B L
e—2‘.l'|'(Ces+Aces) — 6*27703.9 _ 27I-Acese_27rc'ea + (‘T%:kﬁ) (254)

b h. LoTEAER
e*QW(Ces'i'ACea} _ 8—271'055

672'”035 = _27]—Aces (2‘55)

&0, —2rAC,, &% A, (255) R ) BEEEAE/ AT A— 557 0.10 2*5 20 % I (AC,s = 0.02)
LD EEROLE 126% L), FREFFRITFERER(-FHL TV D,
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25 BbbIC

2.5 BBbH)IC

HARSERIIE O ERHE ST A — 5 & LT, BEME/ ST 2 — 5, Bl REL, 7
DERUVELHEEL7:. CORRETLDBL

o MABERBMBOFIZLEFME/N7 A—F & LT, EEFIRFEIN, MEROREL, &
EOREH L ERREHILE ERL .

o BHIRE/NT A—F BLUBERRERILS—EL 25548, 1 BHEERTT Ve VD
LI ERTEAHZ ERRLI.

o HEHEE/NT A— % BIUBERKS —EL ) EO4T, BABEIRDRFEL —BRICE
FTEEDNTELWI LR AREZFITE D/RLA. £22°C, SEBRENT X—F, BIUERK
BEBEFE—ETHLEMrREL, EREZBNE T2 o 7R, BABEREFFIER —
HL, o, ZOMEME ~BILETI LA TEDI LERLAE. LoT, BHEBE/T A—5,
EREERC L ) BRESICRE SN ARBOMAB IR EEMICFET A Z &
NHTEBD,

o 1 HHIEHEBEF VLY, MEGHE/ T A= 213, BRBEDBRESERT /NI A—FTHHT
YaRRLT. 70, EREERLIE, BET - F ORI L T, IBERE —F ORAMK
S5, BARBET A5, DL, BARETLIPLERT NI A—FITHHLI LE/RLL.

o BHIAE/NT A— ¥ B LU ERMERLE VT, BRBHERSFEO 7B T o7 £
LT, BREZRBIT LY, ZOpEORLEEERLI.

Thb.
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3.1 1FUBHIC

KA tR% & OMBIEPICERE ST AT, BRUE L EYS B VI BB % RITTEHEE
EBRBEVFEL 5. COHRE - RICEEWORETINZ 5 X 9 IEHT 5 2 0BEABRERSH
REBPEIND. L7z o T, COBRBENREERTHZ LICL ), BHEETICENN 525
T EHMICRRETT A EMERIC A EEZOND. 7, MRS DICRB SN IBRBOXE LS
RMRIZAT 2 ) 72O B FRERE R £, AV BERAITIC X D RETORSBLEL % 25%, FBRE
FETIARERETVZERT S f’:&b@%’rﬂc&%‘j} ERWITIREZ LEE T 57 OBABE
MEZNRECTFMTE 2V, Lo T, RELEH OB TIE, BHHRT FEE HWIRIL L /8T A —
Bt DT L THABEDETIEEL , HFTOoRRER CEREREL HuiudshER %
T2 A

RN RO/ 3 F A —% & LTI, T.Takagi 512X D Critical magnetic viscous damping
ratio WEREIN, TONT A—F OMEE, WREICHTL2EFHOREBLITIDNNT 2—%
z WA ERO G SBTAENREIA TV S GUBD 20 T. Takagi b OB HBATH
i, ARBERZICBWCIENANS R ERL -BEEEERRITTD 1, o HORLEICE, #
BOSH2E 2 @HMIHELZ EFTE LY, FRERELEREL L T H0, BRBEIRE
JSEE 185 DICEFREN A 5. 72, Y. Yoshida 512 X ¥, Magnetic damping parameter 25 5E 2 &
N, ZDNT A= % HVTHABERGOR 5 —) Y FAFREINTWD B3, BF S 13EK
WENT X—FEERL, TORNS, WE, MBERICHT2EERLERL Tn5 B, $51C
ERGREE/NT A — 7 D HERREIRFEOFM/ 7 A—F L L TRYETH AL L2 ERBIUE
A RERBTIC L DREEL B9 Z /85 2— 7 & /N EF VERD £HREHEEZRE
LTw5 (38)

AETI, ¥ 2 VEREMIZEL 2BESEEREO 2 2O MR HiELIRET 5. 1 200Kk
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3.2 BB DIRE

3, BB HRBRRICESCHETH L. CORETIR, FFERERERMITHEES SR/ 5 2 —
FEAVTEBEL, BABERBCE 52, COMBBNHEL, PRBLIUCHEY = VOBE
BERBMEICHEAL, ZORMUERITTS. L L, 2OFHER, BERC X 2 5ESRO (L
PERL TRV D, ERAREEBNE OENKEVEZEZIONE. #2327, 39 12085
ATk e UG, AU EIRBIFIED 1 BHEERTT VT2 b b ISR ET  HEE
REL, AR ZOERELRET 5.

3.2 BEHENDRE

LI T, RN ML L COEIS X b N5 REBIRIRRID M ST T D\ Tk
5. IS OMBRITHEEEHENS G X 505 MECHL TS EATHTS 5.

3.2.1 HIREIREDWHHIEX
1 HHEERET NV & D BEABERSHE L 26 v TELAHFERID
mU i +mRii+(kU — C,C.) 4 +Rku = —C,B® + Uf** 4+ Rf* (3.1)

Ed. ZZT,mk,C,, fo I3EE, B, BEOIWCETAHE, AMTETHY,U,C,, R, B= 131>
Yoy A BFEREBDICETAE, LY RS YA, NEEBRGSEORMN 1 BHsE£7. (3.1) K
OFEFERL Y, EREAME

Y=t (o~ VBT B+ b VET @) (3.2

R [p-vEESY + o vFESY
'ysj:wsz:—w— 5

i—{b—m}%+{b+m}
2

W=

V3i (3.3)

BERONDE. 2L, a, b3 B B, YV VR E BEp, BEBE, WEROBEHTHS. EREH
B v, + wei ZEEHENT A= OBBRAICRATEILICLY, EREENNF XA—-5D B, E,

p, K, b IZEBT ARAEME
Re o

e
ERFILNTESL. ZIT, P, P, P BRI T 2 HAIEHTH ), EREEERROAR
ERAD L RE HERBEFEE A TRESH S G,

Ces = =Ces(B>h1E1p1 K, Ps,PeuPC) (34)
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3.2 BHMAMOERE

3.2.2 EFHAHERICED (FHE (Method 1)

COREE—HROBERBOMD TR TH L 2B HTRERICETW-HETHE, —HD
B E TR B [
mi + et + ku =0 (3.5)

CBWTHIENE Uy & ¥4 &, (3.5) AORIREL ¢ &L EEAREE w x FIWT
Uy = LU exp (—Cwot) cos (\/1~§2w tﬁ) 3.6
g 1— (2 0 €Xp 0 0 (3.6)

ezl
B =tan~! ¢ (3.7)

Vv1i-(?
L. WEL CIXREREK ¢ LEBERBEERE 2Vmk ORTERIN LD, (3.5) ROBEHE o
EFHWTRe(o)/|o| DL ICKRTIEITES. $2bh, HEHRE T A-¥% C, LREL ¢

DEHFZIFLETHA #2T

Ces~( (3.8)

EARGET A, ¢ X 2RO HER ((3.5) R) 12, Co, i 3BOMAHRERX (3.1) K) 12&EIVT
WA Coe=¢ E LTz, FEEBAREEBITRHRIT 3.6)NiCBVT (=0 & LAHEIHE
T FIT,B6)RIIBVWT (=0 & LIREEE L Cos ~ ¢ ELIRENICEZ BT 5 &,
Fig. 3.1 1Z/R T & 910, SR A R EFHFIHRERIITL T, £hLid \/% exp (—Ceswot) &L , B
fiE /1 -C2 L B %25 2 LI X iGN HABEREISEFHON 5.

HRRE /ST A —F Co d (3.4) RO & ) ITHE, MR, MWEOREKL L TEINLD,
DHEZ X WVBEREIRBO/NRT A—F AT 12472 5. BROBRHE—F L LEL §LMEIC
BOWTIIRIREE— F ORBIEEL COHETHBIEL, FKT 52 L TRARERBPELNS.

u, = .‘!1_—1(:,3[!,, exp[—C” w, r]cos(\}] -C,* o, r—ﬁ]

Deflection

". \/ Tim—e

w@w u=U, cos !

Fig. 3.1 Modification of the finite element uncoupled result using the coupling intensity parameter
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3.2 WHBITORE

3.2.3 3EEMAARERICED {FHik (Method 2)

CDOHEEHAREIRB DM HERTH 5 3 BMSHERICESV - HETH L. HARE
REDE RN w TRUZ (3.1) RO — i, BREAE . ((3.2) R), 75 2w ((3.3)R) 2 AVT,
u = Dje™ + "' { D, coswst + Ds sin wst} (3.9)

&b, 12720, D1, Dy, Dy ZHHIGHIC I VB SN ERTH S, DEIEN U, 252 2/
K[ EIREIFETIY, B4 t = 0 12 B 2 0%

w{0) =Ty, 4(0)=0, mm=—£m (3.10)
Lhh. (39)REERIRATSE
Dy = Up(1 — A) (3.11)
D, = AU, (3.12)
Dy= -2 .~ (1= 4) (313)
L, o
B A=t (314)

PiFoND. Lo T, WHIEN Uy 12 X 2BERERILEE, Fig. 3.2 1R T X )12, EREAE
Ver Vs Lwyt & FARDEE AIRENEL wo % (3.11)~(B.13) UZRAL, 612, Thi % (3.9) Rt
ATAIEIZENEOND.

Single d.o.f coupled model
mU i + mRii + (kU- C;C,) it + Rku =0
Y.(B.E,p,Kx,h)

x’(BiEJpa Kah)
w,(B,E,p, K, h)

v

D,, D,, D, _

\ u=D, e"" e"'{D,cos w,t+D,sinw,t }

\{

\/ \/ " Time

Fig. 3.2 Method using the solution and coupled eigenvalues of the single-degree-of-freedom cou-

B

Deflection

pled model
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3.3 VAR i o R SR S AR B A AT

ZOHEE SEHATERAOHIIESVTED, 2L T, method 1 ® & ) (2l A TR E LR
HREREBETAZLELEL LEW 0, method 1 X 1) b BHEEL ORI HARZIRG 5
BIENTEL. Tz, EEREAFMER (3.2),(3.3) R & 5 ICBIS, MESH, WEDMME 4+ 27
¥, method 1 & FIARIC, COHER/ST A—F 257 112BMLTWAE, S50, WYER U, *
BE-FICOHL, BE-FBIEAFETHNL SR, BROBEE -2 0B L 4+ 209HE
CHBATE 5.

3.3 FIROESHTIBEIREIAEHT
3.3.1 HEEATRIRE

Fig. 3.3 127", —AREESG I B N 7 PARD BERIR SR BN RARE C AR BT kO B 4 M % 1
ALY A, MAHISHE L, PR B S IR 2 10 mm 52 TREY S 2. O, THERE
U, LR B, W X ) BEEREBENFRFEL, CORERENIC L > TEL ZBER L B B, 7
RBFEE LT BRI 2 RESHE, FROBREIIBET 5.

3.3.2 MRhER
(a) HBRIBETILE B 5E

WHEFE#ESE T B, =0.2,0507T & LTENZITo7. FNFNOBBICBITATFEROBH
WMENL% Fig. 3.4 12, 72, Cesy /1 — Clwo, ws DEB LT /1 - C2w & w, D#EX Table 3.1

. =110
..... o -
3175 _+_ SR et
3
Young’s modulus : 1.10 x 1011 Pa
Density ¢ 891 x 10%kg/m?
Electric conductivity :  5.81 x 107S/m

Fig. 3.3 Cantilever plate with the initial deflection in a magnetic field

Table 3.1 The coupling intensity parameter and angular frequencies for different magnetic field

Magnetic field Ces v/ 1-CZuwyp W Difference between
B [T] [rad/s] | [rad/s] | \/1-CZwo and w,(%]
0.2 0.0374 67.0 67.4 0.704
0.5 0.241 65.0 68.7 5.03
0.7 (0.498 08.1 67.8 14.3
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Finite element uncoupled analysis
———- Method 1

---------- Method 2
Finite element tightly coupled analysis|
0.010 S —
e 0.005F
§
= 0.000 -
2
B
8 -0.005F
00157 0.1 02 0.3
(a} B,=02T
0.010 g+ e :
e 0.005F
g
3 0.000 F / R
=
L
O —0.005F
50 0.1 0.2 0.3
(b) B,=0.5T
0.010
E 0.005F A
=
=}
8 0.000F =
=
¥
8 _0.005F
B YR 02 0.3
Time [sec)
(c) B,=0.7T
Fig. 3.4 Deflection of the copper plate by simplified analysis methods with different magnetic

fields

2R . method 1 DBAITHE VTR, B, =02 T ORI EREREZFIERLEBEC-HLT
VB, B, = 0.5,0.7 T ORIZIE, Table 3.1 IR T &£ 9128, =02 T DHA L H~N /1- C2uw
E w, DEFRKENOEBEAEREZBIE R S5 BN TS, method 2 DHBEILBVTE, £D
BiBIC BT D, method 1 TRONIIRENSED BN\, Ziud, B & BRSO EBRIR
PETHEBREAEEZ AVTn5720TH 5.

(b) MHEEERLBSE

MREZTNVIZTA 316 AF L AL LTHEFEIT> 7. MEHER T Table 3.2 IZ/RT. 7
PHESHBE B, =05T & L7
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Fig. 3.5 IZHRBIEE, Table 3.3 12 Ces, \/1— Clwo, w, DB LU HEHRDER RT. 316 A
7 v LV AMIZ BT, Table 3.3 X ) HIREVEDZEDT 0.003 % &, To/h& i, BREREE
BRERL B —RL TS, TVIZYACBVWTL, AEBBROEN 6.17% LEHTE W
REICREW., LD o T, ERABREREIERICOHL CETEAFEL TWAE. RIB TV 3
ZYLERAT YV ADEBRDECTERALTWA. 28, TV I =y AB LU Fig. 3.4(b) @
SR B AIRBICEDURERIZZ > TV EDIE, WFN L EFEIH  BARERRES B
RMETH B0 TH 5. method 2 DFEIZBNTIE, EL50MBHIBWT b G REXEMR
FERELC—HL TS, Zhit, EREFELHVWTWLLDOTH ), BRBREDEOALEN
(EERORV) MBI BN T BBEICIRBILESEON S,

Table 3.2 Material properties for the analysis

Material Young’s modulus | Density | Electric conductivity
[Pa] [kg/m?] [S/m]
Type 316 SS 1.80 x 101 7.90 x 103 1.38 x 106
Al 6.90 x 1010 2.71 x 10° 3.30 x 107

Finite element uncoupled analysis
— — — - Method 1

---------- Method 2
Finite element tightly coupled analysis

0010 j———

0.005

0.000 B

eflection [m]

D
&
L
=

B T 0.1 0.2

(a) Type 316 SS (B, = 0.5 T)

0.010 —
0.005

0.000 |

eflection [m]
T
A

D
o
2
>

—0.019 7= 0.1 0.2
Time [sec]

(b) Al (B, =0.5T)
Fig. 3.5 Deflection of the plates with different materials
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Table 3.3 The coupling intensity parameter and angular frequencies for different materials

Material Ces V1-CZwy W Difference between
[rad/s] | [rad/s] | \/1-CZwo and w, [%]
Type 316 SS 0.00474 g1.]1 91.1 0.003
Al 0.320 91.3 97.3 6.18

3.3.3 SN AEDEHRM

RARERS* IBEBT 27201013, BIRE BB LM EERE e TRy — AR BRET
BLENH B, TRTOMBNr — AT LERARERR 2 vl BRBRERHOTECE
B RIASLE L %0 5. T.Tekagi b & DIRE SN HHMBATHE G T, Fig. 3.6 IR L), #
SRFERE L ELK, BCABRERBT 2 LBL T2, SO TRELBEBIT HETIE, T
FROTIRIHT L T—JE, ERARERBN TV RBIER P, P, P. *RETH. £ORKRT, &
BEERIC T CHETIR, EME, WED L ICEERARERMN LT ) LENSH D, BHt
BS540, MKME/NT A—F TEORERZBET 2750 CHRARERIDEESH#LA
B, 0B, MEREST A— Y IBAREREOEEN L /ST A-FThHbic0, BHIKITEL T
BERBET A — 8 27—y N— AL TBIE, ERAIRERBTEIT% ) BEF L kDT
B EEHRRICES CHEE, EREE T A—FDOF —§ = AnSIE S HICHALR ERMR
WHEE e b, 3 BEEAFREAICED CHFEC BV TR ERBAEORS, HHEHR WR2EY
BIRGEHROBE VT TRTO T — ADRKBRERDEELELZ LI TE S,

Method 1 Method 2 MMD Method
— — = by T.Takagi et al.
atabase of the coupling [ 5oy . J
( intensity parameter ] Finte clument digeavalut analysts Different materials and thicknesses
2 i Calculation of the natural frequencies and modes
4 using FEM and modal analysis method
Different materials and thicknesses Different materials, thicknesses 1
Finite elcm uncoupled analysis and magnetic fields Different magnetic fields

Bvaluation of the magnetic damping coefficients

’ & The solution and coupled eigenvalves Calculation of the magnetically damped vibration
D:t?ferelnt Tsgnetic fiel'd s of the single-degree-of-freedom using FEM and modal analysis method with
Modification of the result using coupled model the magnetic damping coefficients

the coupling intensity parameter

>

Fig. 3.6 Flow of simplified analysis methods
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3.4 HAEY T VOESESTIBFIREIAEH

3.4.1 W—LOHENMEMMNL 5SS

(a) MEARRIEE

Fig. 3.7 I1ORTHE I m, BE 2 m, HWE 10 mm O HEORBERIEIRBIEZ S L 72, $EH
ATV AEL, TR2ER2ICEZEL, Fig. 3.7 IR T X I, 94 ABIZHEIZEN (1.3 mm)
REZCRH YD, HEKMETH D70, BEOFRNCEY v 7R, BE, EERFTHAE
WEL LT, BB E L CER T2 . SE RS B, =05,15T & L, BEERMRAED
B L 2 ERARERBITER L BT 5. @HMBITHETIE, Fig. 3.8 IIRTHRE)IE—F 3,6 D
FRENICESBNFELEAL, Tho 2 EWT 5.

(b) EEATHER

R B, = 05,15 TIZBIBIRENIT—F 3,6 D Cp, BLUAREHDZELZ Table 3.4 12,
Aﬁmﬁwéﬁ@mg%mg39mﬁ¢4mmm1mﬁwTuJﬁ=a5T®%ﬁuﬁmﬁm'
ERMFRERE L L —F L TWwAD, B, = 15T OFAE, Table 3.4 £V, FNEFNOIREE—
FIz BT ARBBOELD B, = 05 T OBAELERKEVDIRBDEFETEL TN 5

Vibration mode 3 Vibration mode 6

Fig. 3.8 Natural vibration modes of the cylinder
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Finite element tightly
coupled analysis

~— ——— Method 1
DA -~ Method 2
E [
g 0.000P
=]
é [
A -0.001f
0.0 0.5 1.0
(a) B, =0D5T
‘g 0.000F
‘"
e
3
E —0.001F ]
0.0 0.5 1.0
Time [sec]
{b}.By=1.5T

Fig. 3.9 Deflection at point A of the cylinder

Table 3.4 The coupling intensity parameter and angular frequency of each structural mode

Magnetic field ey ng Ws Difference between
B, [T} [rad/s] | [rad/s] | /1-CZwp and ws (%)
Mode 3 | 0.5 0.0443 23.6 23.7 0.399
1.5 0.413 21.5 22.8 5.76
Mode 6 | 0.5 0.0451 85.4 86.4 1.22
1.5 0.446 76.5 94.0 18.6

method 2 DFEE, ELLOBBICB W THEBRARERMBITE L—BLTW0E. 2D XHIT,
SEROBE LRI, SO FEEIAEY 2 VKIS BATETS 5.

)

3.4.2 FH—LPHEMEMML &S

(a) FEARFEIZE

MG OFIK, MRERS X UTSITEEREMT Fig. 3.7 LEL L LT, Fig. 3.10 lXRT £ 9
I, A ICHBEME S5 2 TIREN S E A MEDT 2 1T o 72, MBEF#5E Fig. 3.10 1Z/R” 7T X

31z, A & e D FH

i

e |B|=0.5 T(B, = 0.354, B, = 0.354)
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Fig. 3.10 Schematic view of a thin cylinder made of Type 316 SS with initial deflection at point A

e |B| = 0.7 T(B, = 0.495, B, = 0.495)
e |B| = 1.0 T(B, = 0.707, B, = 0.707)

D3 r—ArEL . MHMAITICBW T, Fig 311 KRTIREE-F 2,3,6,7 E 5.

(b) MR

Fig. 3.12 12, HEREAESEIC LA ERARERBET LV HFoNTZ, BREHICBT 5K A Ok
WISE % RT. Fig 3.13 121, IBBE—F 2,3,6, 7, V- B EMTERLRT. Fig. 3.13 & D
|B| = 0.5 T O, ERABERFNRER L SHFTERIIRC—EL TWwA7S, |[B[=07,10T
DKL, BHBRTTEONLEMICETOENRON S, CORKE, IREET—F 2,3,6,7 72T
BS ATV, F LT, Tabel 3.5 I2RT L 912, [B| = 0.5 T DEHZHA|B|=0.7,1.0 T DFD
EBE—FItBVWTAEHROBISKEWLDTHL. LiL, COETOEIESHBMIBW
TR SHFRTEXLHETHL L VL, S TREL BB HEIC LY, BABRERDILDE %
BHMICFRAIL, ReHEEDERLEE AL TEL L) LR BLEZLNS.
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(b) Vibration mode 3

(c) Vibration mode 6 (d) Vibration mode 7
Fig. 3.11 Vibration modes of the cylinder
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Fig. 3.12 Deflection at point A with different magnetic fields by direct time integration method
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Fig. 3.13 Vibration at point A of the cylinder with different magnetic fields

Table 3.5 The coupling intensity parameter and angular frequencies of each structural mode

28,6, T
Magnetic field Ces ng We Difference between
B, [T] [rad/s] | [rad/s] | /1-CZ2wo and w, (%)

Mode 2 | 0.5 0.064 17.8 17.9 0.373

0.7 || 0.128 17.7 17.83 0.641

1.0 || 0.286 17.1 17.34 1.319
Mode 3 | 0.5 0.022 23.6 23.7 0.193

0.7 || 0.043 23.6 23.7 0.465

1.0 || 0.087 23.5 23.8 1.119
Mode 6 | 0.5 0.023 85.4 85.8 0.473

0.7 || 0.046 85.4 85.9 0.692

1.0 || 0.097 85.0 85.1 0.037
Mode 7 | 0.5 0.033 88.3 89.1 0.883

0.7 | 0.064 88.2 89.9 1.915

1.0 | 0.129 87.6 91.9 4.714
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3.5 b

HABFRBINE & Kb 5 200 HBN HEEREL, TN OFETHEL NEBICE & &
BARERBATRRE LBL, TOHFRABZRE L. 2ORETLDD L

o BEHHBRNICEI S HFEERREL L. COFEREIMERBRERIOEEMN R M/ 7 A -4 T
HOLBEBBENTG A= E AW FETH Y, EREE/ T A—F DT~ XA L{AE
b THEHTLIRICERLZAETH L. ZOREY FRO b ARABEREME, BLU,
BHRORHE—FHALEL 256 o VOBAREREMEICERN L, 85 h RS
T ERAREZBITERE LBL 7. 2OBREBRBESMR 25 LIREILEICETEAS
RN BERERS % EUMNICBLIENTES.

o IS ARNICEI S FELREL 2. EFHRERED (HELEKC, FRBITH
Y =V ORKREREMEIC 0L EAL, 50 N IRBICE © EAA RERBATE
REBBL 7z, 2OKRE, TORER, EREEEL 3 M AREXOREHEH TS
O, BENHRRCEIHEL D b EBECBARERENE LRI I EHFTE S,

THo. EHLLOMBENFECBNTS, ERETHRBETHM TR 5720, INbDT
ETHARFRBICED/NT A=Y R5T 4 247) 2 LI, MABHERNRE ZRL 2 RFERER
(RREFT A LTAHTH 2.
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4.1 U ®IC

BRI EFRBAE LT EIC BT, EENOBEYIEREFICRE IS, 0 L) Lk
WBNWTIE, BRSEEEWOREERIC X 2 BRHEELERERESEL 4%, TOBHFUT—HKRIC
BEMOREREZMZ B L) ICB - OBRRERAR L IN S, Z0720, BEKIC X % iBH RS
REOBABREREFR L O »ITTH T &0, IERET V) 247 ) LTERICL 2L EX O 5.

INET, ABRERZICHET AL L T, FRO-bARXIBERIME “Cantilevered
Beam in A Crossed Field”®? & PR R L D) S ERE M “Magnetic Damping in Torsional
Mode” 43 %%, TEAM(Testing Electromagnetic Analysis Method) TE5E 41, BT HEDRE - 1R
AAFTTONTE . BREERROFM/ N7 A— 21T A% L L Tid, Takagi 5 IXMEHRD
Vo — VEESIZ D 72 Critical magnetic viscous damping ratio % L, B, #EEL, K
Bzt 3 2 IKERORE 4, BEBIT~DIBH %2175 T A, Yoshida bid, #ERTIL SN 7z
RIRERBI O HRIUCEH DN B BERIC/VT A — % % Magnetic damping parameter & EZ& L ,
FENET VEBROFEMREIZHEHEL TWwab 45, Horie 513, BEOMIERT /NI A -2 L LT,
EEEAEICEDWEREE /ST A — 5 2 ERL, B, WEER, WECHT 2 KFEOXE
BHLTwa @O L L, ITERENC BV TEETH 5 MblIIRENREIC B1) 2 AR ERE
T ARIIRIEEAE TR TV,

—RDBMEREIC BV TR, FOREBEEE 2R HFERICED O L L, BRB=ERERE)IC
BT, EEHFHE —RORFEIREE L B2 ) 3 s HER TR Sh 5 720 Bl REP DT,
—BOBEREBL REDLELOND. T/, 3BHSHFBRCEI 0, BAERESIC L
TET ALV I)BFHEROLOIC, BBORICEETH 2 WRRESED, BRLLLET L L
Z2 bbb FIT, RETIE, SBEEICEIN L FHROEHIREFEICS L T, AREZRHENT
BV 1 HHEERET IV EHWTRET 5.
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4.2 BRSO & 2 ssEliRS)

4.2 FEIHEARYS 11 & B d@GIIRED
4.2.1 TUBRERO LIRS

1 HHBRD EHBEEREEIC B 2 EHAERL, L BIUBREF VvV T 25
aREE LT,
mit + C,T + ku = F* (4.1)

thobEnd. 22T, midEE, kIZENE, Fe RWHETHY, CT BERICHET
5. —F, mBMICET 5 XEAERE,
UT + C.i+ RT = B** (4.2)

Ehb. ZIT, URAYY 75 A, RIZEN, B 3/SEESHSORMENLESSHT.
)

NG, (41), ) REMAER LI LIc Lo T, ERROEH FREALLT,
mU & +mRii + (kU — C.C,)tt + kRu = UF*® + RF® — C,B** (4.3)
PELNLS.
BRI BT B EHIIREIIRE T, SNEABIRS B x AL, T/, SMFEL
F* = Fysinwyt (4.4)

E¥aE, (4.3) ROERROES HRRA
mU U +mRi + (kU — C.Cy)t + kRu = Uw; Fy coswyt + RFy sin wyt (4.5)

Yk, Z0 (45) R DM RERE
R (_ﬁi B CBCS) Rk

8 ; Hy3
)\—I—U,\+ -

&% h. EREBL L lo’(i—%%ﬂ%[ﬁlﬁﬁﬂli

-e=———+{b b2+a3} +{b+ VP +d*}? (4.7)
1 1
. 1R {bﬂm}a—k{b—i-\/m}s‘
The i =g 2
1
{b—\/62+a3} +{b+vE+a}’
V3i
2
(4.8)
et La
1R 1k 1C.C, 1R 1kR 1RC.C,
e il g 1R 1 _ JE (4.9)
9U? 3m 3 mU 2102 3mU 6U mU
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LY, 3OOBAEMEIRONE. 22T, Co=C.=0, Tibb, FFERMEAICS T,
(@7, 48 ROEHMEE, Then

B =~ (4.10)

| k
Qg, 3 = 4 —i = twpi (4.11)
m

L, INGIEFNENIBERMEC B ABEROELE, BLY, BEOELGHEE LS. L
72hEoT, (47), (4.8) REFNEFNERROBER, BIV, BEOBEAELZERL TV,

(a) HMEAREXDOHFK

ZITI, (4.6) ADHBIREE . (4.6) ROHANRZ EL 2201z, T2 TR, RO 3RFBRR
* +azr® +br+c=0 (4.12)

IKOWTEZR S, (4.12) ROHHK d 11X

a? : 2 ab =
= il —— = = gd = .
( 3 +b) 27 (270: 3 +c) (4.13)

£ B AN ZoOHRR d x HNT,
d>0 b, B3 oDER
d=0  HoiX, T, BRE 2ER, L CII3ER (4.14)
d<0 ZolE Bl 1o0ERE 1 2ORBERR

b, XoT, BRBEREICBIT S 3XRFEADHHA 4 iF

‘ 1 /RN k 0.0’ 9 /R\* 1R [k CC,\ Rk]
i, o | = i BT | P | = St | e et 4.1
d 4[ B(U) +m mU] 27[27((]) 3U(m mU)—i_Um] ielag

&b,

(b) d<0ICH B8

sedepnis - 131 5 REIREIIREEO BB AR TH 5 (4.5) K 0L, (4.5)ROFRIE
ANOME L RO

u=Cre " + e (Cysinw,t + C3 coswit) + Asin(wyt + ¢) (4.16)
i P
% roal
A= 2 z%twf 2)2 233 o (4.17)
(02 + wp{(2 + w? +wp)? — dwjwi} m
2 2
PR {(72 + W — wH) (e — 1) = 2%s(%e20 + wi) }wys (4.18)

[y + 0k — w?)(’){e’}’ﬂ 3 W%) + 273"‘)% f — Yo)
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ik I, C,Co Cy AR BIC L o THESNBER, wo & o 1T FNFNREGAENN
STV WIREEIC BT A2 RO BEE AR L MEROBRERTH L. 20 (4.16) Xd b, &
ERE I BV L EEHRENIRE O EB F RO — 8L, JHREFE L REE TR SN Z LA D
Mo, T, BENTEAL FRCB AIREICE, (4.16)RNO%E 1, 2 HEAWBET 57012,
(4.16) RDEIHE, §hbLIHE LS.

RiCHIRRE B DNV TR S, (4.17) RORE A OFFRAE,
%+

Hen = v apiea + at+ oy — 4ol )
L, o= LIRETAL,
1

f(wf) = (73 4 wg +UJ?‘)2 — 4(.4.)?&)3 (420)

b, 0 (4200 ROPEDP/NE LG LERE APRECLDLID

1

glwy) = Flas (72 + W} +wh)? — dwi; (4.21)

LLT g(wy) DBAMEE KD 5. (4.21) R 1 Bfms€n, $4bb,
g(wy) = dws(V2 + w2 + w?) — 8wlws =0 (4.22)

N w>0TH5D wy id

wr = w2 =12 (ws> ") (4.23)
Yhh, LIhoT, (421) ik A23)RAE52 b OLEICHBEL LI LD DY, FT2,
(4.21) 7% 2B L 7o (4.21) REAATS L,

§lwy) =82 =12 >0 (4.24)

LBt (4.21) RIIEED 1 OT jwy) > 0 THAHI bR L. I0d, (421)Rid
(4.23) RO & X B/ME, Thbb (4.20) RFAMEE 2 DIRIE A SRAMEL %245, LAF-T,
(4.23) A THLABERB R EO BHA X 2 BHERSIREOREH L 2 5. 25, R iiBay
(4.17) ROBE BB 7201208, EREEE ve, —7s T wsi DEZRET 5 LBV D B, EEEAR
EORIE, MR BT 2N 49 £ HviE, (4.17) ROES, #HEERI M3 K=
BAEZLNTEAS.

(¢) d>0 B\ 356

SO BHHRROME, 300ERTHY, I TR, 3DPDFERE -7, 1, —p B Z
D (4.5) RNOFFHE « 13
z = Asin(wst + @) (4.25)
< :-(3-1 TE‘ETIIE A! fiﬁﬁ ¢’7 lj‘ Y1, Y2, V3 %ﬁﬁlﬂf

_b wp+ 8 4.26)
m ('}'f + w}) (fyg - w?) (7§ + w?) (

A
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4.2 JHEBBISL I & B B IEE)

Table 4.1 Material properties

Material Young’s Density Electric

modulus F [Pa]| plkg/m?] |conductivity «[S/m]
Copper 1.10 x 10" |8.91 x 10® 5.81 x 107

Aluminum| 6.90 x 101° |2.71 x 10® 3.30 x 107
31655 1.80 x 10'*  |7.90 x 103 1.38 x 10°

wg (’7172’?’3 = ’YM? == ’Yzw? — ’stfr) — Yo (’Yl’mwf + YoYswy + YzNiwys — w?l)
Wy (71’?2W FTYeyaws + 3wy — wf’e) gaw | (’Yl’)’z’)fs - nwi — Yaw} — 73w%)

tan™' ¢ = (4.27)

ERAb,

4.2.2 EREFHBEMICL S ZYEOREE
(a) PREARFERR

FEAFRIREIL, Fig. 4.1 12T — B2 EFEEPICRESN TEAM RV FY—RE # 12 &
RILIROFRE 35, Fig. 4.1 187 & )12, B HmEZ RS2, D o AIREE w, =41t
XETHBERLETHNT 4. AMBEERSIE B, =05T &L, HEiZ 3.175 mm & 5.0 mm @
2@ &35, FHROMENT, Table 4.1 127 T L HI28H, 7V I =7 A, 316588 @ 3TEHL T 5.

(b) mEMTER
AREEZBITL YV BONT:, BRSBTS, BHBRDE wo, BHTIZBT 5 AR w,,

w2 =2, R/ $T A5 Cu, \Jw? — 72/wo, THEIREIEL wy 2% (w2 — 2 1B B Afue D

fE% Table 4.2, 4.3 IZ/R Y. % AW HEAD, FRO B M BT 2REUSE, HiRMRZ TN
Zh Fig. 4.2(a,b), Fig. 4.2(c,d) 127" 7. Fig. 4.2(c,d) (243, 1 BHEERE 7V & ) 572 3Hfz
(4.17) K& VEL MR O R L TV AT, RN (4.17) ROEIXEREHE ve, —vs £ wsi

F°=F,sinw,t
400 4

il // X
3.1750r 5.0

o \J

Fig. 4.1 A cantilevered plate with external harmonic force in steady magnetic field B,
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Table 4.2 Various parameters with different materials (thickness = 3.175 mm)

Material || wo [1/8] | ws [1/s] | w2 =2 [1/8] | w2 =22/wo | C.s | Afuo
Copper 67.0 68.7 66.6 0.993 0.241 | 2.12
Aluminum 96.3 96.4 91.1 0.947 0.320 | 1.64
3165S 91.1 91.1 91.1 1.00 0.0047 | 105

Table 4.3 Various parameters with different materials (thickness = 5.0 mm)

Material | wo [1/5] | we [1/8] | /w2 — 42 [1/8] | w2 —22/wo | Ces | Afuo
Copper 106 14 111 1.05 0.127 | 3.86
Aluminum 152 161 159 1.05 0.179  2.77
316SS 143 143 143 1.00 0.003 | 167

DREE, BB BT AN 40 2 HWTHREL TV 5. Fig. 4.2(c,d) & W AREZERITRER
LEARIE R —BLTWAZ Edbd b, Fig. 4.2 &0, THRREIE w, 27 (w2 — 42 O, 1RIE
BRALLoTWAEI ENbe A, HWE 3.175 mm 2BV T, HIRIRE % EA RS THEBL
L 724848 wy fwo = 0.993 THIFRHEEL 2 o> T A, —7, HE 5.0 mm (2B T, wy/wo = 1.05
THIERBE 2 5.

T2 = A% EAGWEED, PR BB 81T AREINE, KRl T Fig. 4.3(a,b),
Fig. 4.3(c,d) \ZR¥. Fig. 4.3(c,d) 124, 1 BRHEERET V & ) B3N (4.17) XKLV ES
N2 RGO RL TV 225, AREZFEMERLFMRIRE —BL TWwAZ LA b2 5. RE
3.175 mm 12 BV TIE, wy/we = 0.947 THIFKAEL 2, HE 5.0 mm 2BV TH, wy/wo = 1.05
THIFREEL 2 oTwn 5.

31688 % HW 45 A 0, RO HHRIC B 2 REIGE, HRMARE Fig. 44 (IR 7. BTk
B CEEIREEL 72 & A h o220, FRERHITC L 2 HEMFIF T oy PLTwEW. 2
L, RIEANE W (O = 0.0030 ~ 0.0047) 728, FHIRIREEIC B\ Tid, RIS FICEIML TW
(7L, BEERE AR N, EFRBIE2LEIZOND. Lo T, BEPIIENT
i%, Table 4.2.4.3 X U, FARD BIREEAEALT 5720, HBEMAIRBBATTROEAF ARBE L 1
RHRVWEWVZ A, $77, BRRENSH, ThbHERBE ST A -y RE VL, FRIRY /S
{725,
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Fig. 4.2 Resonance curve and deflection at the free end under the harmonic force(copper)
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Fig. 4.3 Resonance curve and deflection at the free end under the harmonic force(aluminum)
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Fig. 4.4 Resonance curve and deflection at the free end under the harmonic force(31655)
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4.2.3 HEREREBHDZEIL

T, RS, WIRIE Fig. 4.1 EELC &L, WE, M2 EL THIEBEHICOVWTHRET 2.
MR 1.0, 2.0, 3.0, 4.0, 5.0 mm & ZEZ, AN 8, 7V I = A, 316 SS D 3FHET 5.

1 H HEGEREE 7V OFHIER (4.17) & D35 M50 B 205 & HIRREIEUL wp/w, B X
CRIBE A/uo DBItRT £NZ N Fig. 4.5 (a,b) IZ/RT. Fig. 4.5(a) £ 0, HEAHT 1.0, 2.0, 3.0 mm
BT, BB 2 212 LAY 3HEREIEILRA L, 0 L 2 5. 0 L o 72BHTIE v, > w,
Lo THY, HFEFEIIFEL 2. —h, HEH 4.0, 5.0 mm iIZBWTE, BEEFEL %5
2L 7t SERIRBVBAS L T 5. SHRIRBIAUL \/w? — 42 10 & o TEHE SN 2%, Fig. 4.6
WARE 2.0 mm & 4.0 mm I2BIT 5 v, w, LHEHOBEBRERLTBY, HKE 2.0 mm & FBWFE
I BER g, PR R AL 220N, w, £ DD KREL R B0, HIEREMIZ AT 5.
WE 4.0 mm IZBWTIE, WEFEZD w, 2F 2.0 mm OBFIZHERTRKEL D, 4, & w, A58
BT AN B %Y, hOMREHME \Jw? — 2 TRE SN 20, IREHROEI 20
mm DHEERR Y, BEIZRATEI L% % 5. REHRIG Fig. 45(0b) £ 0, KOWREIZBW
THORBD TR BB L VRBAL T b h b, Lo T, HENEVEAIZE, —&D
BERE &£, ), BEREIE L D b KEWIREETIIRIRRE L 72 577, JRIKBIZ BT 5 4RIE
BAENWEWVZ B,

Fig. 4.7(a,b) 7V 3 = A2 B DHES & RIRREEUL wy/wo B L UHRIBH A/u, DBIFRT
B, BOHEL RIS, WEFECRAICE, BARGEL D O REVIREHTHRIEREL 25
2, FHIERBICBIT AJ|EIIRE L v, SHEFRCEMICE o720, BERICD - L D REE S
2 AHBEROMEN, ZIZFRLETH 272720 TH 5.

Fig. 4.8(a,b) I21d 316 A7 L AFHIC BT 5535 & HRREBUL wi/wo B ITHRIBIL A/uo O
BfRERL TWA. IRIEEIEIL, BEEAHEINT 5 & & DI L Tw A, RIRLOfEIL, s75 X
B3Iy AlcdbR_REAEw, ZThid, 316 ATV L ASIOEEBRIL, BIUVTVIZT LD
FZ L LR 1IF A I VDI RAREN RSN EL BT B TH L. LoT, EEED
B EE VUL, BEREDRIC L ) RGREIRORBIREL M 52 EHFTEL LV .

LB, DECBATIE, BE 1.5 T 2HZ 5 & HRINENFEL W/, Bl 15T FTIC
DWCTHRE % 1T o TV 525, Fig. 4.9 12, NIHRIREYIIEAS 1.0 KBV TR (5.0 T 225 100 T) &
RUREROBEE RL TV A, 28, FHRIESMEE L. AR, ERAREEHTHERL 1H
HE R E 7 L O SR b BN RERL TV A, ZOMEIRRT 8% THY, B
10.0 T &0 72BREEIC 3\ T b AREFl 5 1 CRREREIFFIE L IRET T2 5.
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Fig. 4.5 Change of resonance frequency and amplitude under the harmonic force(copper)
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Fig. 4.6 Change of coupled eigenvalues with magnetic field for each plate thickness
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Fig. 4.7 Change of resonance frequency and amplitude under the harmonic force(aluminum)
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Fig. 4.8 Change of resonance frequency and amplitude under the harmonic force(316 SS)
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4.3 ZHEEEHANENLIC £ 5 @] iRE)
431 HWEURERO LRI

— O BFEIRBME L FIC, BETICELN R0, STREO BN REMIC X % @ifliEgIR
RICB Z|EBIFRICOVWTHENS. HREIFEEER L L, BEMB JUREROELEN
nEBHFHENL,

mit, + C.T + ku, = —miy (4.28)
UT + C,i, + RT = B** (4.29)

fel Ly
Up = U — Uy (4.30)

Yhh, DIT, up BEXEEOEN, u ZEAOHMEMNTHS. Thbd (428) A& (4.29) Xz
HASDOEAZ LIZE - T, HEERDESHEXIL,
mUt, + mRii, + (kU — C.Cs)t, + kRu, = —mUuy — mRiy (4.31)

Yid. 22T, IFEOEME
up = asinwyt (4.32)

r¥he,
mUtiy + mRity + (kU — CoCy )ity + kRuy = mUaw? cos wyt + mRaw} sinwyt e}

Y, ToORE, 45 R0 K & maw; ELAKRERLICE S,

(a) d<0ICHF 5

Z O, B HEXNOKFE ¢, &
t, = A, sin (wt + @) (4.34)

b, 22T, IR A, fARA ¢, [T EBEHE —y, —1s twst TAVT

2 1 2
Ay = aw? EERE (4.35)
2
('y:;’ + w}%) [(72 +w? + w}*) - 4wfw§]

wi (12 + w2 — w}) (e = W) = 29r% (v0% +w?) (436
(’75 .l wg - w.]g‘) (w? T 7870) + 2&1;'}’5 (’Ye - ’YU}

Lih. 12750, o= B ThB. COEE A, ORSRE AT BRFEE AL LT, MR

B IETE D, 270, v, w, BRBICRAT 5720, B B 2 RO 3URIFIES,

tan~! ¢ =

70



4.3 CFREEAKIMEMIC & % bRE)

—BOBRBEHFEE R2 5NN D 5. $72, 4, m oy EARELABEICIE, (435) Rk b, 3

FiRE T
wi 472

Lk, 2B, FHHN (4.35) ROEL /27201203, EREEME ., —, + wi DER FET 50
BNH BN, EREAEORS, MEERICET 5 MEN 49 £ Heiil, (4.35) ROBS, HHE
BBy 2R BE LN TE B,

(4.37)

(b) d>0 I\ B

O FEHFERDOBL, 3 DOERTH Y, 2T, ERE ~q1, -7, —13 £ T B L, B
z, 1
z, = A, sin (wst + @) (4.38)

Thh), ZIT, A, ¢ [ TEREEME v, v, 3 THWT
Ay = aw? L7
I (% +w?) (% +w2) (33 +?)

(4.39)

wi (n1vs — Mw? — 1aw? — sw?) — 0 (Mrws + Pv3wp + YNy — W)
Wy (’h’}’zwf + Y2yswy + YzViwy — w?) + 7Y (’Yl’}’z’}’s - ’le} - ’Y:zwf - Taw?)
LB, ZORE A ORISR EIINT HEERETRL I LT, MR BT 2,

(4.40)

tan"l¢p =

4.3.2 HEIREBFZHMNIC & 5 ZUMEDIRET
(a) RRAFRISE

FRATRIREIZ, Fig. 4.10 2R T — B2 BHEBEPICRRE S, SOFE BRI ALY 5 IR
Th 5. Fig. 4.10 ITRT &), XFHOAEDH vy, 2RCSETHERERETHENITS. 28,
FARD TR (RE S 90 mm, §8 80 mm, HEF 0.2 mm) IERTHEATLRABA LELTH .

£ B

—
U= asinayt b %0
/
%
0.2
vl 90
. 100

Fig. 4.10 A cantilevered plate with the harmonic motion of the base in steady magnetic field B,
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(b) FRHifEE

RETE, KBS L Y, SCRFE O MBI & 2 HAMERO TALO BEUREIEIC oV TR
BET). 2T, TR, ERTHEMT R D 10 AE S 90 mm, 1 80 mm, HE 0.2 mm
ERFTET VL L CHRERMARERE 1 BEEERET VI X bME 8L, | HBEERET
Wi & BFHER DR LEL ML S 5. SMBEHHSIIERTERT2 02T, 03T & L, IHER
BpRUL, MARIREIELL 0.1 ~ 2.0 ORID 5, 23 Bk PG LT 2. HRERMITIC LY Bo N1z,
IO B I B HIRBISE % Fig. 411 1R T. Fig. 411 XY, TR0 MREBHHAZED
AIEIZLY, WERIENSEMLL T DI Edbh 5B, 2L T, IHREEEIAT 2.0 1235V $ERT
i, EOBBIZBWT Y, IRBHIRIEIIHZRA LA IGEL T 2 k252 5. Fig. 4.12 12 IHEE
BYBUC AT S BIREIIRIE, 370 b bR L Y. Fig. 412 & 0, MHRESHILAT 2.0 105V 4E
T, EOBBIIBNTH, IBHIBESIZIZEICEICIGEL T S Exbh b, F 77, RSB
(ALY, RERIEI AL TWABZ L2 b 5. Fig. 4.12 IZB/MEELME 7V, AR
BRIEHTRERA O IARIREY B 2 HH L - RSB L0 1 BHEMERE TV Oz 51535 h /-3t
IRRBIE % Table 4.4 1R T, AREZMBHA R b O JIRIREH OB F 7505, SHER L
EHIC X % REIFRBIIRERIC 35\ C, IMHRIREIE w; & IRIE A, D BRI,

2 2
Ay = -
\J (2 + w72 + w2 + w?)? — dwiw? (4.41)

—— w842
------------ 0=14.03
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Fig. 4.11 Deflection at the free end of the plate
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Fig. 4.12 Resonance curve under the harmonic motion of the base

72



4.3 SURFESABIRAENMIC X 2 BElRE)

Table 4.4 Comparison of normalized resonance frequency

B, || FEM | 1 d.o.f model

0.2 | 1.06 1.05
03| 1.49 1.40

o L
a: ZRFIROIEIE
7o : FEMBIREEIC BT A MBI O EAE
Ve : EBIREEIC BT A BB O EHE (4.42)
s 1 TECIREEIC BT A HEEDMER
ws  EEARERIC BT DD BIRENEL
Lix k. F 2T, HREESS & REHRIBEO BRI (44) Rz L2t &L, 2TORITBNT 7. = v
EIRET AL L,

A, = \j L ; aw (4.43)
(12 +w?+w?) —dwho?
Y hB. DI, 1 1
Y=g X3 (4.44)
YRR B & 1 .
¥ i (72 + 2722 4 ) X2+ 5 (292~ 22) X + (4.45)

DX D2REEE LD, CORICED EEREEMITERORDBFLUNE R, BONTHR
W L 0 IRES R AL 7 2 IREEE SEIRIRER L L 72, Table 4.4 IR T & ) KA RERBITAER
Y HBEEEREF LI VAN EERESHRIB—RLTVwEEWVE A LoT, 1 HHEX
REFNVOIRZ AV D2 L2 L, BETHICELN 2B MEIRBFE T RFATE L2 L
N-Y (WA

4.3.3 EBRIC L B3 YUMDIREL
(a) EREBEOHER

WETIE, ERERMITB L0 1 HHEERTF )V EAVWTRE 2T o7 £27T, AETIL, E
Bz X WE %479

REARERHEREBOEENZ Fig. 4.13 ICRT. AERKEL, EBGROKBH BLUX
B RIBARESELLDOVL I AFIANVBICEREEE - €BRER, SBA Tk
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2 LDOYA 7 i, RBHOVTALHET 52000 FAY -V BIUHUT A,
OFARDT— 52 WETH7:0D A/D BERBB LU=V Fvar¥a—shbBREN5,

RABERBERTE, YV /AN I AL ) R4 SERBTORBN %, THEEIC XY
MEREH ST, COBRODTAEAET S, ZOHEERE,» D, HBEOER L IHRREIEE K
B, WEFRAE % 5 IIRES L HRIRESHRE L TR, B, —ROBHIRGERDHSIC
i, IEREEY Y 77 v 7 & VTR & SR A O R O AEED b iRlFEE b L O HA, &
ERTEIMAEREY v 77 v 7123 L TRBERD/NE L, £z, 2O TS ORIz REET
HY, S5, KEBRIEHEZEML IRETHET 572050 E: T AMEREY v 27 v
TEHAWLIENTELRW, 22T, FAEBTIEIBBEOEEL ST WOTATY -V THlE:
772 9.

HBESIUEHEDS KRB B IUEHHOBERL Fig. 4.14 IR, B & L TIRE 0.2
mm DI AEEHAT A, ZOFROY 7 FiZ 110.65 GPa, K7V ~ ik 0.31, HEEI 8.912x10?
kg/m3, EERIT 5814x 10" S/m THD. 25, YV IRBIVRT Y/ IidFlR)ARICLD
B oY A

FEEIE VL ) AF I A VHOBB~DOHE ZR L CEBUARTH LTV I =T ATRIEL
7z (Photo2.1). F72, RERFZRIBFCIRBI S D L0k Y, MEHRIC L > TRARAICIR
BRAEL 255, THELEBANRERT A L2 0, AR EX/FBOEIIN—7T7 14
WA A THRL TV D, RERTIE, ZOIREERE IR X Y iRtiRke &<, AR~
CELAVDTAZEIET A.

Multifunction
DC power supply synthesizer
| Solenoid coil

A/D board ' /=, Power amplifier

Wheatstone
bridg

=

Dynamic strain amplifier

Fig. 4.13 Experimental apparatus
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Bakelite Aluminum

Fig. 4.14 Rigid support of the test piece

s

Photo 2.1 Rigid support made of aluminum

YL /AR AMINEEE AEBRTHEEATLVL /AR I/ VOBKEKY Fig. 4.15(a) IR 7. &
DIV AR AV, EE 200 mm, PIFE 100 mm, Y4E 120 mm D7V I8 TIZEE 1.35
mm D EERR GAESHOET 1.3 mm, HEHOE S1E 0.025 mm) ZHENTERL 2. T,
IDVL /) AF I ANVIE Fig. 4.150b) RTEIICEERT 5 BHEL 2->THBN, FRBIIHLT
BERNEET - EREMIPOLERTMBTLAEICLVBSERESESL, 2B, 20V /AFaA
VISREETE bR AESHZ 032T Th .

AEBRTIE, YV /AR I VPSRBT BN %, Photo 2.2 IZ/R T & 9 1248 & ikt
X DBEREESE S, DY, YL 2 AR 32 4)VIiZiE Photo 2.3 IZRT L H XA T DR
26 45 mm OMEICEE 8 mm O7 IV IWME A THIOEEERL TWb. ZORMOSBOKRE
Sk, E&A% 15 mm, 1A 8 mm TH 5.
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Fig. 4.15 Schematic diagram of the solenoid coil

RERERKE AEBRCHAET2EHRBBICOVWTHENS ., RERBEIL, Fig 413 1RLL
KRB LRI mEHIREN 2 (22 5~ 1 7 o hlikes, RIS E5 R H4RENER ZEV T 7 7
YrvarVailb—4%, 7rrrvarvI il —yDESEHBIETLEHIESR, LR S
b, B, 470 IHEEIIAABAE R L VEREISS.
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AR

Photo 2.3 The opened orifice of the solenoid coil

(b) EEBAHE
— R REREERTIIIEEY v 2 Ty TR VA, LA L, KRERTIE, MEEE » 77 v

FIH L CRBEDNE L, F7, 2ORBHFTOHESEETH ), <610, ERERSG T
OO EE R AIMEEE v 77 v TR AV B I EHTELR V. Z0720, — RO MR
BEBRD X 512, 77 4 — N30 2 GBS X ) SPARO B & RS 5 ik AT 5 2 LT &
BV S O7e, ABIETI Fig. 4.16 1R, SIRBEERE IHRY 5 5K L) ERET). &

B, XA BRS¢ 5 L X121, RIS L BEEs0BICEESEL . ZOREL B

77



4.3 ZHRIHEUMZEAMIC X 2 EFHIES)

Fig. 4.16 Method to vibrate the test piece

Fig. 4.17 Test piece

T57:000, FERTIEINL OFICEBEIONS W7 v EREY — b 2 RA T 3.

(c) EBRER

Ry LU PARO AR E AL & ¢ CRAMBERBIRBERE f% 0, TNHD/ST A= ST T
% LRIRBI D ELIC OV THRE T 5.

Fig. 417 1277, BHH®AES | = 90 mm, & b = 60 mm, EX h=0.2mm ORRF > EHE
RKBA L LT, BS I8 b AL TERETD. $72, BRBE B 1 0.05 0.10, 0.20, 0.25,
030 T D6 r—A%RBKEL, TNENOHREREICBT 5 IRIRE T AT 5.

EHRDESEZBLIELERTIE, RBFOES A% 0.2 mm , 18 b #Z 60 mm CEEL, HE
BEX [ % 70,80, 90, 100, 110 mm & X C, SRRFEEIC B 5 HRERBHEZWET 5. [k
i, 1A 2 2 ERTR, RBFOES h % 02mm , B8 1 % 90 mm (ZEEL, 18 b & 40, 50,
60, 70, 80 mm & ZEZ THBIREREIZ BT 5 HIERE B HET 5.
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5 & ARRBBORR RERBI TH2EE 90 mm, 1§ 60 mm, B X 0.2 mm OREF-CR
SRS ETERREAT, TRENORRIC B 2 HIRRBHZ BIEL 7. ERTIE, THEES
ﬁ@ﬁ@%70~2mnhtL,%VfuVﬁﬁﬁ@%»ﬁM%kM%ﬁﬁﬁzmnhm1%%
%%ﬂm%ﬁT%OLhmmf%%.m%%%%PngSK%T.WHEﬁwT}ﬁ%HMﬁL
1OTADE — 7 E% MREOIREIRIETHRASLL 7B T H ) B RES KT 2. f2R2L,
IEREY 2T, RO KB IO IRBIGE % MEL , £ DI FFT EZ TR 7-ETH 2.
272, FIBCHE, (4.35) RS ED W THR/NERED X ) 85 h 72 SR (Fitting line) bR L T
B, PR R L Fitting line 3R —HL TWAZ Ld5b 5. Fig. 4.18 L U, BiEA 38 < 2 5
& BT, HHRIBOE — 7 IR, T2 b LIREHEES B L, 272, IREEES AKX 2 2
IZONE = 7S —EIER { LA A 5. Table 4.5 124, B/NETSELLE D155 N7 3tiRdE
BHERL TS, ZLT, AEREKRL EIL £ CAREZBIN L VES R, AIEDE o, R

HE v, EREHEOEIE /2 + w2 BEU, THLOER BHR
wg + %

KRAL THRON L ZREEART IR 7R 0 HRIREI & 2 % FEERIRAEIC BT 2 AR
THIBLL 72 B L L IRIREY % Table 4.6 12787 . Fig. 4.19 13 Table 4.5, 4.6 ¥ iEL b DT
»HY, Fig. 419 L) FREZMITB LUARERTHE LN - LIFRBHBIIRIES 02 T DL Eoigs
KBWTERKBRELINOOT% THY, BL—HLTWBI hh b, 7 BElHm LIl
TRV IIRIRE AT LA L TV A I Lhtbd 5.

wp = (4.46)
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Fig. 4.18 Experimental results and resonance curves of the reference plate

Table 4.5 Change of resonance frequency for each magnetic field

Magnetic field [T] 0.0 | 0.05 { 0.10 | 0.15 | 0.20 | 0.25 | 0.30

Resonance frequency [Hz] 13.94 | 14.07 | 13.99 | 14.00 | 14.34 | 14.78 | 15.47
Normalized resonance frequency || 1.000 | 1.009 | 1.003 | 1.004 | 1.028 | 1.060 | 1.110
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Table 4.6 Results of the coupled mode superposition method

Magnetic field [T 0.000 | 0.050 | 0.100 | 0.150 { 0.200 | 0.250 | 0.300

ws [1/8] 01.16 | 91.47 | 91.44 | 91.26 | 90.72 | 89.53 | 87.24

¥s [1/8] 0.001 | 0.824 | 3.291 | 7.406 | 13.22 | 20.73 | 30.05

V2 +w? 91.16 | 91.47 | 91.50 | 91.56 | 91.68 | 91.90 | 92.27
Resonance frequency [Hz] 14.51 | 14.56 | 14.58 | 14.67 | 14.90 | 15.43 | 16.54
Normalized resonance frequency | 1.000 | 1.003 | 1.005 | 1.011 | 1.027 { 1.064 | 1.140
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1.3 SHEBINEILC & 5 BEED

RIEEHCTABFEL TV L0 THL. L2L, TORKBREIH S % TH), ERSOMBITE
BRBIUEBRFRIE B, @S2 51T L7205, HRIREIES EF L Tw iz bbb,
FLT, AEBHERLY, REZEIAHI LTI, IERIREEUIRATH 3% Z{LL, Fig. 4.22(b)
BT, BREED 03 TIZB1T 2 HREHROEN L AL L, MUBMEBRETH->TH, PR
DRIVPREVIEY, HRIRBHBOEMIKE V. ThE, REIPR L DI EBARBEDREI A
(b1 THAELEEZRLND.
Table 4.7 Change of resonance frequency (length [ = 70 mm)

Magnetic field [T] 0.0 | 0.05 | 0.10 | 0.15 | 0.20 | 0.25 | 0.30

Resonance frequency [Hz| 23.35 | 23.26 | 23.32 | 23.30 | 23.53 | 24.50 | 25.37
Normalized resonance frequency || 1.000 | 0.996 | 0.999 | 0.998 | 1.007 | 1.049 | 1.086

Table 4.8 Results of the coupled mode superposition method (length [ = 70 mm)

Magnetic field [T] 0.0 | 0.05] 0.10 | 0.15 | 0.20 | 0.25 | 0.30

ws [1/3] 151.7|151.7|151.7 | 151.5 | 150.9 | 149.4 | 146.6

~s [1/s] 0.000 | 1.191 | 4.761 | 10.71 | 19.12 | 29.98 | 43.40

2+ w? 151.7|151.7|151.8 | 151.9 | 152.1 | 152.4| 152.9
Resonance frequency [Hz] 24.15(24.15|24.18 | 24.30 | 24.60 | 25.25 | 26.57
Normalized resonance frequency || 1.000|1.000|1.001|1.006|1.019|1.046 [ 1.101

Table 4.9 Change of resonance frequency (length [ = 80 mm)
Magnetic field [T] 0.0 | 005 | 0.10 | 0.15 | 0.20 | 0.25 | 0.30

Resonance frequency [Hz] 17.56 | 17.61 | 17.80 | 18.05 } 18.52 | 19.46 | 19.17
Normalized resonance frequency | 1.000 | 1.003 | 1.014 | 1.028 | 1.055 | 1.108 | 1.092

Table 4.10 Results of the coupled mode superposition method (length { = 80 mm)

Magnetic field [T 0.0 | 0.05|0.10| 0.15 | 0.20 | 0.25 | 0.30

ws [1/8] 116.0|116.0|115.9|115.7(115.1 | 113.8 | 111.2

vs [1/3] 0.000]0.991 | 3.962 | 8.915 | 15.91 | 24.96 | 36.15

e 116.0/116.0|116.0|116.1|116.2|116.5 | 116.9
Resonance frequency [Hz] 18.46 | 18.46 | 18.48 | 18.59 | 18.86 | 19.46 | 20.69
Normalized resonance frequency | 1.000 | 1.000 | 1.001 | 1.007 1.02211.054|1.121
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Table 4.11 Change of resonance frequency (length [ =100 mm)

Magnetic field [T] 0.0 | 0.05 | 0.10 | 0.15 | 0.20 | 0.25 | 0.30
Resonance frequency [Hz] 11.30 | 11.32 | 11.36 | 11.53 | 11.88 | 11.96 | 12.61
Normalized resonance frequency || 1.000 | 1.002 | 1.006 | 1.020 | 1.051 | 1.058 | 1.116

Table 4.12 Results of the coupled mode superposition method (length { = 100 mm)

Magnetic field [T 0.0 | 0.05] 0.10 | 0.15 | 0.20 | 0.25 | 0.30

ws [1/8] 73.97|73.96 | 73.93 | 73.78 | 73.31 | 72.29 | 70.34

Vs [1/8] 0.001|0.682|2.726 | 6.132|10.94 | 17.17 | 24.88

e+ wl 73.97|73.97|73.99 | 74.03 | 74.13 | 74.30 | 74.60

Resonance frequency [Hz] 11.77 | 11.77 | 11.79 | 11.86 | 12.06 | 12.51 | 13.47
Normalized resonance frequency ([ 1.000 | 1.000 { 1.002 | 1.008 | 1.025 | 1.063 | 1.144

Table 4.13 Change of resonance frequency (length [ = 110 mm)

Magnetic field [T 0.0 | 0.05 | 0.10 | 0.15 | 0.20 | 0.25 | 0.30
Resonance frequency [Hz] 9.209 | 9.273 | 9.297 | 9.379 | 9.468 | 9.671 | 10.38
Normalized resonance frequency || 1.000 | 1.007 | 1.010 | 1.019 | 1.028 | 1.050 | 1.127

perposition method (length I = 110 mm)

Table 4.14 Results of the coupled mode suj
Magnetic field [T] 0.0 | 0.05 | 0.10 | 0.15 | 0.20 | 0.25 | 0.30
ws [1/8] 61.02]61.02 | 61.00 | 60.87 | 60.48 | 59.63 | 58.02
s [1/3] 0.000 | 0.562 | 2.246 | 5.052 | 9.013 | 14.14 | 20.48
V2 t+w? 61.02 | 61.03 | 61.04 | 61.07 | 61.15 | 61.29 | 61.52
Resonance frequency [Hz] 9.711(9.713[9.728 | 9.788 [ 9.951 | 10.32| 11.10
Normalized resonance frequency || 1.000{1.000 | 1.002 | 1.008 | 1.025 | 1.063 | 1.143
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lRE FHIIREVMDRIR REARA D5, 1% 40,50,70,80 mm & B S U TEBE T -7, BE
FRIGERESARRA L F L 0.05,0.10,0.15,0.20,0.25,030 T O 6 7 — AT 5. HERESIHO &
i3 7.0~36.0Hz THY, 7)) ¥ 7 HEOR/MER RAIHERES K 36.0 Hz 0 1 BRI% # 200
594 014 msec Th 3. Fig. 4.23 ICHIEHER%RT. Fig. 423 0BT, iz -0
FTADYE — 7 % DR O IREVRIE T HRAEILL 7208, M MRRSHTH 5. Fig. 423 ICW &
/MNEFEELL Y F 5 N7z Fitting line /R L TH Y, BIEFSRE Fitting line 3B —FHLTw3
e AH. T2, ALERBEETH T, OENFEVIZE, 0 FTAOY — 7 B3RS o
TV5, TEOLIRMIREINES R o TVBE I Eba s, I, BEEL LI EIZ LV
BICEELZFETHHBAACHENLERRIDVRELZY, TOBHEOMINC X Y Bk REs
RV B10OTHELER LA, Table 4.15, 4.17, 4.19, 421 IZFNEFRDRIZBIT 2, &
/NE TSRS 5 S L 7o RIRIRE B0k 7R . Table 4.16, 4.18, 4.20, 4.22 121X, #hZh oiF
KBWTAEREREF L LB THRERBN L VB LN, AEHH w, RESE ~,, BREAE
OHFHE /12 +w? B IV, JEIRIREBOE KT, Table 4.15 ~ 422 2 FRL b D% Fig. 424 B
SV Fig. 425 IZRLTHBY, FREZEBITER L EBRERII LI -HL TwA. B, Fig. 4.24
DWE 80 mm BT, W 03 T BT 5, FREZBITRHREL EREROZEZI W 10% Lk -
TWBAS, 2, Fig. 4.23(d) 225 dbH 5 X 512, 1E 80 mm, B 0.3 TICBW T, BRI D
BONBVDTAOE -7 EFNEL L), BRI THEEL (EUTETWRWEDTHS.
Fig. 4.25 121308 & HIRIRBIBROBEE RL TB Y, BIHAT5R 2 DWEA TRV IE & HRIRE MO
bR E L, HRBEIBOEMIITEATH 32 % THS. LoT, REE2EZDINdEEAELL
P RN HIRIRF B DO BT K Z .
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Table 4.15 Change of resonance frequency (width b = 40 mm)

Magnetic field [T] 0.0 | 0.05 | 0.10 | 0.15 | 0.20 | 0.25 | 0.30

Resonance frequency [Hz] 13.93 | 13.96 | 13.94 | 13.96 | 13.99 | 14.07 | 14.41

Normalized resonance frequency || 1.000 | 1.002 | 1.001 | 1.003 | 1.005 | 1.011 | 1.035

Table 4.16 Results of the coupled mode superposition method (width b = 40 mm)

Magnetic field [T] 0.0 | 005|010 | 015 | 020 | 0.25 | 0.30

w; [1/s] 90.70 | 90.77 | 90.76 | 90.71 | 90.57 | 90.25 | 89.65

7 [1/3] 0.000 | 0.440 | 1.759 | 3.955 | 7.047 | 11.02 | 15.90

V2 + w? 90.70 | 90.77 | 90.78 | 90.80 | 90.84 | 90.92 | 91.05
Resonance frequency [Hz] 14.44 | 14.45 | 14.45 | 14.48 | 14.55 | 14.69 | 14.95
Normalized resonance frequency || 1.000 | 1.001 | 1.001 | 1.003 | 1.008 | 1.017 | 1.036

Table 4.17 Change of resonance frequency (width b = 50 mm)

Magnetic field [T] 00 | 0.05 | 0.10 | 0.15 | 0.20 | 0.25 | 0.30

Resonance frequency [Hz| 13.81 | 13.79 | 13.81 | 13.74 | 13.94 | 14.21 | 14.71

Normalized resonance frequency || 1.000 | 0.999 | 1.001 | 0.995 | 1.010 | 1.029 | 1.066

Table 4.18 Results of the coupled mode superposition method (width b = 50 mm)

Magnetic field [T] 0.0 | 0.05 | 0.10 | 0.15 | 0.20 | 0.25 | 0.30

ws [1/8] 91.03 | 91.16 | 91.14 | 91.04 | 90.74 | 90.07 | 88.79

s [1/8] 0.000 | 0.629 | 2.512 | 5.650 | 10.07 | 15.78 | 22.81

2+l 91.03 | 91.16 | 91.18 | 91.22 | 91.30 | 91.44 | 91.67
Resonance frequency [Hz] 14.49 | 14.51 | 14.52 | 14.57 | 14.71 | 15.01 | 15.59
Normalized resonance frequency || 1.000 | 1.002 1.002 1.006 | 1.015 | 1.036 | 1.076
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Table 4.19 Change of resonance frequency (width b = 70 mm)

Magnetic field [T] 0.0 [ 005|010 | 015 | 020 | 0.25 | 0.30
Resonance frequency [Hz] 14.01 | 14.00 | 14.04 | 14.07 | 14.42 | 15.02 | 16.43
Normalized resonance frequency | 1.000 | 1.000 | 1.002 | 1.004 | 1.029 | 1.072 | 1.173

Table 4.20 Results of the coupled mode superposition method (width b = 70 mm)

Magnetic field [T] 0.0 | 0.05 | 0.10 | 0.15 | 0.20 | 0.25 | 0.30

w, [1/] 91.52 | 91.70 | 91.66 | 91.37 | 90.54 | 88.67 | 85.00

s [1/s] 0.000 | 1.017 | 4.064 | 9.149 | 16.34 | 25.69 | 37.35

V2wl 91.52 | 91.71 | 91.75 | 91.83 | 92.00 | 92.31 | 92.84

Resonance frequency [Hz] 14.57 | 14.60 | 14.63 | 14.76 | 15.13 | 15.98 | 17.97

Normalized resonance frequency || 1.000 | 1.002 | 1.004 | 1.014 | 1.039 | 1.097 | 1.234
Table 4.21 Change of resonance frequency (width b = 80 mm)

Magnetic field [T 0.0 | 0.05 | 0.10 | 0.15 | 0.20 | 0.25 | 0.30

Resonance frequency [Hz] 13.89 | 13.86 | 13.84 | 14.03 | 14.41 | 15.28 | 17.16

Normalized resonance frequency || 1.000 | 0.998 | 0.996 | 1.010 | 1.037 | 1.100 | 1.235

Table 4.22 Results of the coupled mode superposition method (width b = 80 mm)

Magnetic field [T] 0.0 0.05 | 0.10 | 0.15 | 0.20 | 0.25 | 0.30

ws [1/] 91.69 | 91.88 | 91.82 | 91.42 | 90.23 | 87.53 | 82.12

s [1/5] 0.000 | 1.203 | 4.800 | 10.83 | 19.37 | 30.51 | 44.54

v2 + w? 91.69 | 91.89 | 91.94 | 92.05 | 92.28 | 92.70 | 93.42

Resonance frequency [Hz| 14.59 { 14.63 | 14.67 | 14.86 | 15.38 | 16.67 | 20.13
Normalized resonance frequency || 1.000 | 1.002 | 1.005 | 1.018 | 1.054 | 1.142 | 1.380
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Fig. 4.26 Change of resonance frequency and amplitude under the harmonic motion of the base
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Fig. 4.27 Change of resonance frequency and amplitude under the harmonic motion of the base
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BZ —{VX(UXB)}E—'E(EE—E 6g2) = BZ

95



5.2 RIS E R D BT T

FELNE. ST, E, B, k, u, B", BE R ENEN, ER, BREE, HEk, £, RERC
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Fig. 5.1 Isoparametoric shell element
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Fig. 5.3 Algorithm of staggered method with the electromotive force using the velocity of previous
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Fig. 5.4 Algorithm of staggered method with the electromotive force using forward difference
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Fig. 5.5 Algorithm of staggered method with iterative calculation
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Fig. 5.7 Deflection of the plate by staggered method using forward difference (B, = 2.0 T)
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Fig. 5.9 Deflection of the plate by staggered method with 2 iterative calculations (B, = 2.0 T)
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Fig. 5.10 Method to evaluate the stability of the coupled analysis methods

104



5.3 BT 7 ik % e AT T

5.3.2 [RIBEFM A EDEMHIER
WEMENOFRERERE T~ F 58T 2 &, B2 1+ 041 1B B 1 OO BERE—F O

Uﬁwm + BT p0at = Celigyons + Bt+BAt (5.29)
LB, ERD Tigny, Toon: % FNFAD L S 12 FMT 2.
- Tiine — T,
Trrom = =4 — (5.30)
Tiroar = (1 — 6) Ty + 0T1y o, (5.31)
%L«’C, [EIRERAT ik & THDIC UppAt z
: U Ar — Uy
dogony = SEAE Y (532
Evd, LT, NG I—~FEHY,
=% = Crank— Nicolson(7 5> % - =2 ) (5.33)
#=1 = Backward difference({%:B7 %) .
THh 5. (5.30), (5.31), (5.32) & (5.29) RICAAL, Typa, KEL TEET 2 &
1— Atg(1—6) i @ At Byea
Tp Ar = S . -
t+AL 1+ At "Y1 Atgf U (Uerae — ue) + 1Y Atgd U (5.34)
fetil.
R
s="2 (5.35)
kA,

— 77, BEBITORREZTA - F28EL, B2l t+ At KBIT 2 1 oOFEE-F OXZ &
L&

Cs
figyae + WU ar = Jerar + Eﬂ-}-dt (5.36)
il
k

Ak T (5.37)

LB, BEEMITIZIE Newmark’s 8 % V57280 Gy ay, Utyar 13757 2=% 6, 8 2 HAWT
Ugpnr = Us + [(1 — 8) Uy + Oiigyne] At (5.38)

1 " o

UspAr = U + WAL+ [(5 - /9) Uy + ﬁUtJrAt] At? (5.39)

Yk, FLT (5.34), (5.39) & (5.36) RITMAL, diegar & iy, Uy w, T BT HHEHEL
1 1 1 C.Cs .
oy =] = — = -1
P == (2 6) (w2 1+ At mU )“’t
a (1 1 CCi s P
T2t \? T+ Atgo mU tTAe™ (5.40)
a C,l—At(1-0)¢
TRAR ™M 1+ Aths ‘
[0 ft-l—At 8%} g‘i At B‘!‘.+9‘ﬂt
W2AL: m WAL m 1+ Atg U

t

+

105



5.3 BT T R D & E MR 77

b ol P

_ g 1 s -
o= R FO 41
(Wzﬂﬁ p w21+ Atp mU (5.41)

E 5. (540) A% (5.38) RUCMAT B & tpyn, & iy, 4y, up, T, BT B3
ﬁt+At=At[1—6+5a(%—,6) (1 L GG 1)]«@

w21+ Atgd mU
+ﬂ[1+aa(i L__CC, 1}

w21+ Atgd mU
*—%u + oo _C_sl—At(l—H)qb
At T WAt M 1+ Athg
oo fiia da C, At Bt+gm
WAt m WAt m 1+ Atby U

BEON L. FERIC (5.40) K& (5.39) RICRAT B & wpon, & i, U, ue, T ICHT AR

1 1 1 C.C,
u = At? (_ - ) 1 = es g
t+ At 2 ﬁ —}-)601 (wg 1+ Atd)@ mU 1):] Uy

1 1
+At |1+ Bo JIJFAMQ%ES—1)]ﬂ¢+(1—ﬁ’a)ut
+@%1—At(1—9)¢
w2m 1+ Atfp £
_i_@ftmt @% At Bigae
2 m w?ml+ Atdgp U

BROND. FRRIC (543) Rk (5.34) RISRAT B & Topar & iy, g, ug, Tt (ST 55
T _ At? %(15) 148 1 1 (.05 Rir
“A T T Atgd U \2 to\ BT A mr | ™

it K 1+ fa 2L Ghe A3lg
1+ Atpd U W21+ Atgh mU .
1

+m§ [—Ba] u, (5.44)
1-At(1-6)¢[ po_ 1 CGC,
1+ Atf¢ [ w21+At¢>9mU} i _
i 1 Ce Ba fryat 1 CeCsfa At Biyga
1+ At U w? m 1+ At mU w21+ Atgd U

PO A, U ED (5.40), (5.42), (5.43), (5.44) RA%, RIRENT T O BIEM AL ML BETT 5

LTERLLBNTHS.
Z 2T, IEFEATIC Crank-Nicolson 4% WAL 7-kEDFFMELEX T E T 5. (5.40), (5.42),
(5.43), (5.44) RICBWVT, =1 L FBLEH t 4+ At LINH t OFERLRZOLNL. ZOHEFLKX

(5.42)

(5.43)

106



5.3 EBRITHEORE A

DIV Y7 A ADORELENDBELER BT 2 &

w? mU (1+A_2t¢)2 1+ At

A3

g D0 1 1-—LA¢t
1+ E U 7+ (2 - Cf) ? i
_ U (1+ Ate) 1+ 34t¢
a C.C, Ato 1 3Atg
_4&)2 mU (1 S %Atqﬁ)g 1+ %Atgﬁ

A (5.45)

A=0

CEL,

5.3.3 BXHBENAFEDEHEMHTER

WERBITOFREZREZE—F L, BZ t+0At BT 2 1 DO BEHE—FORXEE
g &

4

UTt+6At + RT 1 9n; = Celizioae (5-46)

E%d, PREERS Toon, Toom 20T
: Toss—T,
Tovoar = = (5.47)

T:‘,-{-B.At — (1 = 9) Tt + BCFH_Ag (548)

E$AhH. TIZT, 013 Crank-Nicolson HFED/NF A—=45THhbH. LRicBNT
R

¢ = 7 (5.49)
_1-Atp(1-6) At C.. At Biyoar
Twar="Ag0 v 1raege U Y T3 2eg6 U VRED)

£ 5.
— 7, BERTOERERAZE-F 8L, B t+ At TBIT L 1 20BEE-F OXE &

L&

Cs
Gt + Wty ar = fivar + ;{Tta-m (5.51)
=22 L
k
= {[ = .02
o=yx 5.:52)
El A, BEEMATICIE Newmark’s 8 A BH T A28, e ae, Uttt Z/NT A—5 5, 8 AT
Utrae = e + [(1 — )ty + Oiiyy a¢] At (5.53)
1 . ..
Ut ar = Up + 'f-btAt + ,:(5 —_ ,8) u; + ﬁ’UuH-At] Atg (554)

107



5.3 BB O E M Ak

t T’B (550)’ (554) ;‘Ct% (551) it{‘:—{-tl'é—% 2: ﬁ'H—At 2: ﬂ'ta if'ta Ug, Th ﬂ't+9dt L:EQ@L%E’E

- 1 = (o' o a Cil1-At(1-0)¢
u¢+m=—a(——ﬁ)u — Ty — —s —
At T AP AP T 11 Awe ¢ (5.55)
& GO, At o L« Fipa a C; At  Byas '
WAL mU 1+ Athg T 2AZ m AR m 1+ Ates U
5 il
1 -1 '
o= (Ziza +9) (5:56)

75} bits. [—Jﬁb‘" (5 53) tc"- (5 55) _t%'ftl—d—% b ut+At & 'U,t, Ut, U, Tg, ut+9At iz E@@'Z}Jﬁ

dox ba Cs1—At(1—6)¢
i At[l—é—é (-_ )] — boiy— 22 o
AL = ( ) o 2 B |t + [1 — da] Atut T w2Atm 1+ Atbg L
5@0 C 1 5(}! ft+At oo Cs At Bt+9At

P mU 14 A0 T At m T At m 1T Athe U

(5.57)
BB, (5.54) RiT (5.55) RERAT B & wppn, & iy, ty, ue, Ty, tiesone VBT B

1 1 C 1-At(1-20
L R My ST
5CYA 1 i + ﬁa feyae  PaCs At Biroat
mU 1+ Atop 04 m | W’ ml+ Al U
(5.58)

BELN L. LLED (5.50), (5.55), (5.57), (5.58) 34T, X AT HEIC BT 5 BIEMALEDFE
TR TALTERLLZ2ATH), KEBNTHETEELETH D Uyon: TRETT 4y, wg
PHWCEEEINA.

(a) FIRATv7OREZHBVCTRERLREHEFMET 5188

TAEFfEMT(C Crank-Nicolson EZ:#EAL 12188 AEIRMATICIE Crank-Nicolson &%, #EILE
NEFRT v T DEES AVCHMET A RABT O EREZEM TS, T4kb, 0=,
derone — 1y LT 5. DLEDZHEE (5.50), (5.55), (5.57), (5.58) S A L #its% v T, #ifb
DxrYw A A LYEHEN 035[‘?'@573?%3%%5@( &

v 5 1——At¢ o 1 Celly | a
L R v 2w21+1At¢5mU
1-1Atg ~ 1-LAtg
5.59
+{1+21+1At¢ T 14w (5:59)

1—1Atq§+ I C.o. N =0
1+ At 2w? 1+ 3 Atp mU

tie b,

BERBATICHBRENZEEAL 258 BERENCIREESE REEENERAT v 70
RES BV CE T A REMT HEOBFEFBRR T ER T2, $4%5,0=1 da > &F
3. Ll Eo &% ,(5.50), (5.55), (5.57), (5.58) I HMA L kX% L C, BAME )\ OFEIERL

108



5.3 BT kD e MRS

Bl
Mg |-ppg——t & 1 Gl
1+ At¢ 2221+ Atg mU
1 1
+ 142 » 2 :
¥ At al_i_Aw})\ (5.60)
Q 1 C.GC,|,
1+At¢+2w21+m¢mU])‘_0
&5,

(b) REEREN & AEEPOICFHET 3 TEMBF S

WERAFAIC Crank-Nicolson E#EAL -84 BEHMITIC Crank-Nicolson % WAL,
B EZ T RN REEET) & -l 5 X EBT RO B4 5. bbb, 6 =
Uponr — U + 3 At & T AU EDOZEMEL (5.50), (5.55), (5.57), (5.58) U BA L @b % LT,
EAME N OFEFEAZzE L
N+ {—2 +a-

—34tp o 1 GO] .
1+1At¢ 221+ 1At¢ mU
1— 1Atg 1-1At¢ «a 1 @0
1 2 2 - 2 ! ev’'s 2
+[ T 1At YTt LAte W21+ LAte mU]A

—1At¢
- 2 _
+[ 1+%At¢])\ -

(5.61)

& 5.

BERMBICHBEESEFEAL B8 BERMINICRBRESEZEHL , AlEES 1R

B % Bl AR EMRT OB FRER L ERT L. Tbb 0 =1, duoar — W+ 4 At T

B LD &M% (5.50), (5.55), (5.57), (5.58) i BA L #fLRE v T, FHEAEAZE L
1 3a 1 Gl

1+ At 2w?1+ Atg mU

1,2 1 GGy,
1+ Atg 1+ Atg ' w21+ Atg mU
1 o 1 C’ECS] Y= 0

"1+ Ate w21+ Atép mU

A+ l—Z—{-a—

(5.62)

+|1+2

+

b B,

(c) REStEN % TEMHHE

fizF o 7ORETRERE D % M7 3 XEMHABEICRESEEMML 1285 AAT Y7
DRFETRERE D % 5T 5 R EMAT B REFE LML B0 B EXT BT 2.
Thbb (5.50), (5.55), (5.57), (5.58) RIZBVT tpygnr — w & 5. REFEE 11T IBEIC

3, %+ At ORER
; ug(-«]-)At — Ut (5.63)
h0d =" A '

109



5.3 LT DT MR /T

LT 2L, s, OERERE (0) RKERKERT. 22T, (5.63) % (5.50) KIARAL,
851 terpar & U L L7 (5.58) & % o0, AT B & KE1EHRD TO,, 7

ORI Yo o 8

L Ce ﬂaCC 1
At |1 -
+_'1—£[—ﬁa]u + Aw(l— 0) 1 faCCs . (5.64)
14 At U t 14 Atph 1+At¢9w2 — | Tt

1! %ﬂ_ﬁfﬁ+ﬂt At 1 ,B_CECC 1 Bt+9dt
1+ At U w? m 14 Atof |1+ Ato w? mU U

Y b, 0 (5.64) K%

7D — AW 1+ ADg 4D 1— Atp(1-0) ) 1) friat At (1)Bt+6m
t+At 1 Ut Ay U+ Az U+ 1+ Atgd Ay'Ti+Ag ™ +1+At¢9‘46 U (5.65)

EEHEALT B KRIT (5.65) % AV T Newmark’s 3 H:0OR0 5 ugﬂm, USF)At ugf‘m »&E <. (5.65) 3,
(5.54) X% (5.51) RICAAT B & ugfm ¥ iy, iy, ug, Ty O BIRR
(1) G, « 59
e S R e et

a C (1) 1- At¢ (1 v ) o CS (1)
+[ 22t FaEm ]“”L l T Atg8 Aem b | T (5.66)
o w O friat At a C B
_A(U] i o |0 a1
¥ Lﬂdtz ¥ w2 At? > m 1+ Atgd w2 At* 'rn,A6 U

FELND. KIZ (5.66) K% (5.53) RARAT DL, wlly, & i, @, u, T, DB
= ot 1= 50 (1 5) 30 O [1- 0+ 22 St
=52+ | [P A 60
e ] B A

MBS N B, [REC (5.66) X% (5.54) RUTMAT B & uf)a, & iy, e, ue, T DB

ul,, = A2 F—ﬁ B (__,3> wfzﬁcfl(l}ut—l—[,dt—ﬂadt%-ﬁ—a% “)] i
— Atd (1= C,
[1—ﬁa+ﬂ—“— é”] " [1 e )i—faz‘lﬁ”]ﬁ (5.68)

Ba  PBaCs | frrat At 5C¥CA1)Bt+6m
+{w2+w mA m +1+At¢9w ¢ U

FELNS. BLO (5.64), (5.66), (5.67), (5.68) KicBWT 6=1 &L, #ifbtReHI, FEHE
REeEHTHL

3o o %
4 . _ _ 2
)\+{ 2+a— bt 58— g al - 4w2n§}
9
+ | L 56 + 20— am+ =56 a—gnﬁ] % (5.69)
4w2£+ 8&)462 - - _77'5]

110



5.3 EBT D % E YRR

fede L
1 &5 1 - 1pAt
- ___ 5.70
: L+ 1At mU "7 15144t o
LA ERTEL 2WAT ) BEII
; umd Uy
fippgpy = ibde — W (5.71)

At

5%, 20 (5.71) X% (5.50) RITARAL, 64z ul),, 12 (5.68) REMRAT S & KE 2 @HHED
T B

Tioa = 1+ IAtch%Atz E e (1 _ﬁ) 521:2 CSA(U] “
+1+_i\_t@% At — Ba At+ﬁaig M g,
T ,ldtqu% —he ﬁ_a SA(U} o+ > *llfi(thbaj 2 [1 1+ ,14t¢9 fg ?n(cj Am] .
R

(5.72)
A REEER 10 %1T ) %A L FMHkIC Newmark’s 8 DD 5 uﬁ}m, ia,EJr)At uHm, THM
&l Uy, ug, Ty OBBRREEV X, BibRE LT, Z0E RO~ MN) v 7 A ADPLEEME AN D
FHAFRERTECLE

3o ol o® 3a o? o o?
433 [ _ — 2 2 3 — N s :
ATHA e 16w4g + lﬁw‘lf 32{.05g 4w2£+4w2£ * 4w2§n lﬁw"*‘gn
21+ L2 2 epon_on+ e 2§+ 5—352
+ +_£ +_2§ i (] 202 n— 4&)2 n Y 16wt n
a2 o’ o «
is (16 i’ +32 56t gt T gt 16w4£ n)
(5.73)
o el I C 1 lqbﬂt
1 CeCs .l
e : ’ = 2 (5.74)
1+ 504t mU 1+ 504t
L5,

RERTH & INEE AT 3 TERNGEICRESEEMML LBE BAT v TORE
% B CRERED % ST 5 K EM I R 2 L 7256 L ARROFIRC L 0, HE
B % RSO0 SFHIE T 5 R EMAN I IUERHE R L 2RO BEAERE ST L L,
FIE 1 B D ER

= 3 a? o
b | A - —nl 3
A+[ o=y 45 128 T s
2 a 0!2
+ 1+—5 g §+ 57}—4w2577+2n—an & (5.75)

o |



5.4 BN TEOEEMED LB LU RE

15z L.
1 &0 1—LpAt
g._.__ e 8 — 5 ! 6
1+1sat mU "7 T+ 1pat 45,76}
LA RIEE 20479 BAI1E
3 3 9
At |2 @ 5 3a? 5.y 2_30: a 3 B g
[ + 16&)66 16w 4€ 16&.’45 E+4w2 16w4§n 6’!] n A
3 2
T 1+16 &+ §+—€+—€n—16 4En+—£n——5n+2n—an]/\
2
2
* 16w4§ mf_lﬁ 457}_4 s —n[A=0
(5.77)
s

5.4 ERRFEIFAEDOREMDLEE S LU

54.1 IREE—F 1DEXEM

(a) [EIRHREAR ik

AR % Fig. 5.6 ISR TR BPN-FEETEROMTEREEE L, ZOMEICH
ﬁﬁﬁﬁ&%ﬁmuta3@%%&Kowf@ﬁ¢%.ﬁﬁ%ﬁﬁ&@%ﬁﬁﬁﬁ

a C.Cy A—;‘E 1— At

At —2ta+— z 1
w? mU (1_,__2@) 1+§Af¢

a C.C 1 — 1 Atg
+ |1+ 5= ;+(2-a 2
w? mU (1+ At¢) ( )l-l—%Atqb

a C.C, Aty 1-3At$
4w2 mU (1+1At¢)2 1+%At¢:

= ()

_|_

(5.45) AL uh_cth FIRRIT HEOREE HPITE 2%, B 2o iR R0 /K
Bow=% Gl DIEERET DBV DS, TROLDORKIIBNT, HEm IWE p L
WE h OB m o ph, BITHIME LYY 7R E LHHE2RE- A ML) bk Eh, A R Z
BER  LAE b DBIC ko« 25, EEEIROE C.C, EHBEERS L OMIC C.C; o B} DK

BEBRELT 2720, w, ¢, SE= li%h%ﬂﬂ’&hﬁ%'ﬂ‘%kﬁﬁﬂmiﬁ P, B, B, 2llwt
, "t ER 1 C:C,_Blp

s TR b=G= P D oh
%2 3ODMHBRANBLNS 610, 22T, BRICETARAER P, P., P 3EREIE—-FZ
YoTiE D, IoT, BB (5.78) & MM HEOEAERX (5.45) RICMATLI L
Ik 0, EAE N TS B, BERAE At, B, p, s, h OBEE 20, BHEME X BHAEEEEE
BERAaEE ZEELZ LI, YO L )BT A2 EHN5 I & T, AR HEOLE
Wkt b LA TED.

(5.78)

112



— 54 BT EORERDLES L UG

10 —————

0_8 _\“‘k _7__—)'____,_,
0.6

0.4 —— Real root
g ---- Complex root
go02f

0.0 . o
0.0 1.0 2.0

Normalized time increment At/t
Fig. 5.11 Change of the spectral radius of the simultaneous method with normalized time incre-
ment under the condition of B, = 0.5 T

ectral radius |A|

12 —
1.0
08 |
06 [\
G 04t

0.2

ectral radius |A

0.0 _ 1.0 2.0
Normalized time increment Arx

Fig. 5.12 Change of the spectral radius of the simultaneous method with normalized time incre-
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Table 5.1 The conditions to confirm the validity of critical time increment (the staggered method
with the electromotive force using forward difference)

TBZ [T] || At [msec] | At; [msec] | Aty [msec]

1.0 9.380 8.817 9.943
2.0 4.690 4.409 4.971
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Table 5.2 The conditions to confirm the validity of critical time increment (the staggered method
with the electromotive force using the velocity of previous time step)

’TB_,E [T] || At. [msec] | At; [msec] | Aty [msec]
10 14.1 13.395 | 14.805
2.0 3.80 3.61 3.99
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Fig. 5.21 Analytical results using vibration mode 1 by the staggered method using the velocity
of previous time step

2_0 =" - = e el X L Ty P ]
=< ——- Real root
2} - Complex root
= 1.0 e
g \
g \
Q. S
(7] SR S
0.0 s -
0.0 0.5 1.0

Normalized time increment Ai/t
Fig. 5.22 Change of spectral radius using backward difference method for eddy current analysis
(B, =0.5T)

Spectral radius |A|

0.6

0.0 0.1 0.2
Normalized time increment At/t

Fig. 5.23 Change of spectral radius using backward difference method for eddy current analysis
for different magnetic fields

RESEA ST ERI SR BiAT v 7 OB CREERE kI 5 SN B AT
FAIL 7B SR R 5. Eﬁﬁ%%l@ﬁMLtﬁ@%&ﬁ&Tm
puns l—2+a— ey e g ——ng}

4w2 8w

a
-+ 1+—£+2n—an+i§ﬂ§—4w2ﬂf]

e S ﬁ—n—-jﬂ4A=

120



5.4 SHMRHT RO RED ILHS & UHRE

Ll b, FC, FBBITHEOREES L AR TEAM 12 L AL AROMET, BAEOHEXEL
NIBEERIEOMBRE RO B E Fig. 524 DX HIZ% 5. Fig. 524 ICBWT, I EAEOHE
%11 (spectral radius), ML FFEZIANE At ZIREE-F 1OBEEFREY r TRELLETDH
%. Fig. 5.24 X 0, #@3EH R C 2 B LA EAEOMIHMED 1 282 5 At/r DEHF/HE L
A LbrAhH ZZTEH, 15T LEOKREROARZRL D, 1.0T LT I2B8WTIE, At/t &
03 LT, AEMEDOHNMEIT 1 2B B L% o/, FREIC REFEL 2 EfML 725
&1 Fig. 525 &2 B, 22T, CXTEOLNIRELUVEYUTH LI L 2BITIC X VREET 5.
Fig. 5.24, 5.25 2> L @72 fBHT Stk & £ £ 1 Table 5.3, 5.4 12759 . Table 5.3, 5.4 IZBWT Aty,
Aty 13, FNEFNEERRE 7 BIEERNAIE At, 206 -5 % B SE7ME, + 5 % WmsE72fE
T& 5. Table 5.3, 5.4 IR TN L A BMER LT £ Fig. 5.26, 527 IZ/RL TW AL,
EAEOHITEDS 1 % Bz REZAIE Aty DEFERIBENALZESELTBY, TESH
DEBUFFEEIN S,

1.5 w y "
= 0.093 0.114 0.128
= 0.079 i e
3 1.0 \&'/ ff—%‘r """
o - Sy e
e
o —— B=15T
S 05| < ----B=18T 7
o BN ——-B=18T
» A —-— B=20T 1

vy
0.0 : '
0.00 0.05 0.10 0.15

Normalized time increment Ar/x
Fig. 5.24 Change of spectral radius of the staggered method using the velocity of previous time
step with 1 iteration

- — — B=15T A

= 414} ----B=18T //

3 —-—-B=18T 0075

ke —-— B=20T /s //

@ 0062 X

g RV Ve

£ 1.0 ;

o 3 0.101

@ 3

7] -7 . 0.090
06 L= ' :

0.00 0.05 0.10

Normalized time increment At/
Fig. 5.25 Change of spectral radius of the staggered method using the velocity of previous time
step with 2 iterations

121



5.4 ERMNTHFEORERO RS X ke

Table 5.3 The conditions to confirm the validity of critical time increment (the staggered method

Deflection [mm]

using the velocity of previous time step with 1 iteration)

B, [T] || At. [msec] | Aty [msec] | Aty [msec]
1.5 12.09 11.486 12.694
2.0 7.480 7.106 7.854
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(b) By =2.07T
Fig. 5.26 Analytical results using vibration mode 1 by the staggered method using the velocity

Table 5.4 The conditions to examine the validity of critical time increment (the staggered method

Deflection [mm]

using the velocity of previous time step with 2 iterations)
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B, [T] || At. [msec] | At; [msec] | Aty [msec]
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Fig. 5.27 Analytical results using vibration mode 1 by the staggered method using the velocity

of previous time step with 2 iterations
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