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Abstract

Large Lorentz force which is produced by eddy current and magnetic field is applied
to conductive thin shell structures in fusion reactor and magnetically levitated vehicle.
When the structures deform, the electromotive force induced by deformation velocity
and magnetic field reduces the eddy current. Therefore, analysis and evaluation of the
electromagnetic and structural coupled problem or the magnetic damping problem are
needed for the design of these components.

Chapter 2 describes new coupled finite element analysis methods for the magnetic
damping problem. Both matrix equations for the eddy current and the structure are
solved simultaneously by use of the coupling sub-matrices. The results by the coupled
mode superposition method using a few coupled modes agree very well with experimental
results. Consideration of the coupled mode vectors shows that the coupled effects are
included completely in each coupled modes. Therefore, the coupled problems are solved
efficiently by the coupled mode superposition method.

The analysis method by use of the coupling sub-matrices together with the direct
time integration technique is extended to the problem with the effect of large deflection
in chapter 3. Based on the analysis results, the conditions under which the large deflec-
tion analysis is needed are examined for the bending problem. Although the deflection
obtained by the large deflection analysis is smaller than that by the infinitesimal anal-
ysis when the steady magnetic field is low, the large deflection effect does not always
decrease the deflection in the case of high steady magnetic field or over damping.

In chapter 4, the coupling intensity parameter is defined based on the coupled
eigenvalue, which is obtained from the coupled equation, for both a single-degree-of-
freedom model and a finite element model. Based on the finite element analysis results
and experimental results (in chapter 5), its dependence on the magnetic field, material

properties and the thickness is discussed for the coupled problem of a cantilever plate.

iii



Simple evaluation method by use of the single-degree-of-freedom model is also proposed
for the dependence of the coupling intensity parameter.

The coupling intensity parameter is proposed as the evaluation parameter of the
magnetic damping effect in chapter 6. In order to verify that the coupling intensity pa-
rameter can indicate the characteristics of the magnetic damping, numerical calculations
are performed under various conditions to keep the coupling intensity parameter and the
ratio of the time constants of the eddy current and structure constant. These conditions
are obtained from the dependence of the coupling intensity parameter. Finite element
analyses for these cases are performed under the conditions. The magnetic damping
characteristics of these cases agree very well. Experiments are performed for the can-
tilever plate under the conditions where the coupling intensity parameter is constant.
Good agreement of the damping characteristics is obtained for these cases. Therefore,
the coupling intensity parameter indicates the characteristics of the magnetic damping
effect.

Chapter 7 describes that the coupling intensity parameter can be used for design
application. In the reduced scale experiment of the fusion reactor components, the ex-
perimental condition can be determined by use of the parameter to simulate the similar
magnetic damping effect. According to the numerical analysis and the experimental re-
sult of the plates, the magnetic damping characteristics in the reduced models show good
agreement with those in the original model. A simplified analysis method is needed to
design a complex structure such as fusion reactor components. In this chapter, simplified
analysis methods by use of the coupled eigenvalue or the coupling intensity parameter
are also proposed. The comparison between the results of the simplified analysis and
the finite element coupled analysis shows good agreement for practical use.

In conclusion, the finite element methods, which solve simultaneously the eddy
current and the structural matrix equations, are proposed. The magnetic damping
problems are solved efficiently by the coupled mode superposition method. The coupling
intensity parameter is proposed as an evaluation parameter of the magnetic damping
effect. It is verified that the parameter indicates the characteristics of the magnetic
damping effect. The parameter can be applied to the reduced scale experiment and

simplified analysis methods.
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Fig. 1.1 Overall view of Tokamak type fusion reactor
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Fig. 1.3 Electromagnetic and structural coupling effect
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Fig. 2.3 Isoparametoric shell element
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Young’s modulus: 110[GPa]
mass density: 8.912 x 103[kg/m’]

electric conductivity: 5.814 x 107[S/m]
Fig. 2.4 Schematic diagram of a bending plate in steady electromagnetic field B,
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Fig. 2.5 Deflections of the plate (bending)
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Displacement portion Velocity portion Eddy current portion
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(a) Structural mode S1

Displacement portion Velocity portion Eddy current portion

(b) Eddy current mode E1
Fig. 2.6 Coupled modes of the plate
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Fig. 2.7 Deflection of the plate by coupled mode superposition method (bending)
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Fig. 2.8 Schematic diagram of a plate in steady electromagnetic field B, (torsion and
bending)
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Fig. 2.9 Current profile of the coil
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Fig. 2.10 Mesh subdivision of the plate
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Fig. 2.11 Deflections of the plate at point A (torsion and bending)
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Fig. 2.12 Deflections of the plate at point B (torsion and bending)
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Fig. 2.13 Deflection of the plate by coupled mode superposition method (torsion and
bending)
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Fig. 2.14 Deflection of the plate for various current modes
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Fig. 2.15 Eddy current eigenmodes
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Fig. 2.16 Deflection response for structural mode S1 and eddy current mode E1
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Fig. 2.17 Change of the coupled eddy current mode
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Fig. 2.18 Relation between the eigenmode and the coupled mode
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Fig. 2.19 Current potential of the plate (0.055[s])
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3.1 [EU®IS

BV EIROFEPEED IR, TIXTFTAAS T v a VIRICE LA RBHE 04
VEESHZ & ZRVERIER T4 5T, BEEICHETSLT F AT LOBERD
ER$ 5. 29 L7z 7 X<xiimenid, BUn RO OMEIC T HZ LA TE
T, SHISHWERIDANER T 5 &, KERIC X A8 FERIENE % & TR SR EIRED
BELBLEZLOND, ZD720, T LI-BEROFENCIL, KEREERE LIRS
REBEBOWASEEICR L LEILNS.

BERFERBMEORN FEEOMRE LT, TEAM V-2 Y ay T TRV F2—7
%8 12 % ‘Cantilevered Beam in Crossed Field”®1) 3 X 0F 16 #F “Magnetic Damping
in Torsional Mode” 32 ASERE &M, A DB HEDRE - BN T b TV 278,
INSIINEROMABREREIME TH S, KEFRIC L 58 MFHERER 2 E0R
FE S E R B ORIFE & LTI, Nishiguchi 5 2 AT E & ERUGHOMEIER T 5
FEREMAA D KT HERR 2R E L G334 T /- Demachi 513, Bty & Hiikiy oM p R
FIRE L LT, SRR - RBEERIR - AR 2 ZR L/-ARERE
ZE T BT RIRE L, T — F AR EY OE SRR T, EEGER L DI X
D AT DR LM MEE L TV 569,

ZITIE, B2 ETRELL, ERY TN v 7 A% AW BARERR AT S T
% total Lagrangian ERft3 X UF updated Lagrangian BRALICEDWT, KER 2+ &
R L 7R BEERERI AR 5. T 7, BERATERICEDE, ERRIIRIZTT A
EROFBL A, &5, KEE Y ZR LIHABEIRBAT AL & 42 B 5&F 1220
THRFT 9 5.
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3.2 RER*ER LIERMT L&

3.2 XEWZEEREL -HERETAE
3.2.1 BEYDERERR

RERAC & 2 IMERIRL % R L S oA RERRT, B2l 0 0EZHRE
S L TENNHERHT %1772 9 total Lagrangian BRALR, B L - EXZWKELBE
3% updated Lagrangian ERALIC L o CEHENB60, F72, ZhbDERILOBEIC
3, BOPDEHEO T A LIEHC) EVLERS.

(a) Total Lagrangian XAt

Total Lagrangian EXALIZBVTid, Green-Lagrange DT AEHWS. Zhi, B

0 (ETRF) DERBRESBLC, B4 ¢ (EERT) T
1
0cij = 2 ( CUig t olii T+ QUki Euk.f) (3.1)

EERIND., ZITHTHRFO i R j 2L, BE#H «, 2 z; 2H6bL, T,
oui; =0 tu; /0 %z; TH 5.

FEATOT R Z YERIRE & 35 &, Green-Lagrange DU A bey; L VNERHEDIET-
DAy 7 R Cijrs 548 2 Piola-Kirchhoff Din/)

:)Sij = Cijrs f)ers (32)

PRONS. ThbHD Green-Lagrange D U5 A L% 2 Piola-Kirchhoff DI 2 W T,
REFAZ & B3I FRFERIE 2 ZR LA IREZA 2B 3 5.

Green-Lagrange D U§'%& “{%e; L4 2 Piola-Kirchhoff DIt} 4S,; # A5 &,
T \ARAREAL Gu; %5 X R OREH ORI

fov t+%tSij5t+gtfij %dv = /us t+%tfz$5ui "dS + fov t+%tfi85ui fav (3'3)

%A TS L fBRELRERKELOEYE L HODL, - BROERV L S
BERZENDREEEYHFERETH 5.
(3.3) RTH O b SN/AEHBOREEIESICT 5. 4 2 Piola-Kirchhoff DI} %

Green-Lagrange DU§ A%
CTE R (3.5)
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3.2 KREW % ERE LIERMT ik

&, £ 2 Piola-Kirchhoff DJEJJH% 1S;; & Green-Lagrange O U A5 oe;y & VT
HoHbL, EHIT, Green-Lagrange DU A5 0€ij %

0€ij = o€ T o7 (3.6)
fele L
1
0845 = 5 (D'U'z',j + oy + Buk,i 0Uk,; + oUk, ﬂuk,j) (3.7)
1
0fij = 5 00Uk 0UE,j (3-8)

&, BN UTHIE RS gei; B X U RES ony EHVTH L DT
Ihb (3.4)~(3.6) A% (3.3) R AT B &,

fUV ElSiJ' 5561;‘ UdV + fOV f,S,-jége,;j udV +f0V f,Sijdonij OdV + -/OV QS,‘J'&SE,;J: OdV
+ fDV 0.5',-3-605,-5,- UdV = /03 t+%tfis(5ui 0d5+ ,[DV t+%tfz-Bt§U,' odV (39)

Eled. I TRAFE 1 HES 4 T, WHl t + At OFFTRRICB W Tle,; PBEHIETH
B7:0, INLOFSEIZFER L2 Y, (3.9) i,

_/OV OSijéﬂfij OdV + ,[OV f)SijCSO’fﬁj odV
= [, osfou tas + [ 484 Pou0av — [ bSybes v (310)
0g 0T oy 02T oy 0HTORY .
E7rB. EBIT, 05y & o6 VIUNEGTHBHLIELT, Thbk,
(]Sij = Cijrs 0€rs (3‘11)

506.,']' = (506,:_,' (3.12)

EREMLL, (3.10) RICHRAT B &,
f (]Ci'.jra Oerséﬂeij OdV +-[ {t]Sijéﬂnij de
oy oy
— fos t+%¢f§5ui OdS + fﬂv t+AOtfiB6’u,; OdV — /UV f,S,-J-Jgeij OdV (313)

s, Z0(3.13) A OABERR Y EMT 3.
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3.2 KEWEZR L SR BTk

KERZER LIHE Y < VEERTOMT A {& %,

. , . g 1 (oa\? 1 (88) . 1 (3w’
W) [ o 5(39) +4(%) +4(%)
5 1(0a\> . 1(08\° . 1 (06w
€55 g_;-; ?(73%) +?(5% +2(—3%)
21 — —J) 0V, Ou i O 7 07 D O
G | 2 (=) gEjLH% > + 4 %%+%%+%’%% e (3.14)
b, 99 IR
Y o gt oudu , 000
" L 0y 07 + 5y 02
| Tz LE%J"%%J 9o , O T
\ 920z * 0201 ,

LdbbbT. $i, SREBRES (Ag, Av, Ao} 2HVA L, OTAES (Ad) i1

Aezz = ?ﬂ @331—*4_@5_&_174_?__@3,&@
=\ oz 9z 0z @ 01 9z 0% 0%

_\ 2 _y\ 2 =y 2
SRR IO T
hELHobbENS, 20 (3.15) ROFE 1 HEE 2 HIEMHES AL TRIPEHTSH S
12O OT AN, Thbb, (3.13) RALE 1 HB L UHLE 3 D ge; (WY
%, ¥7=, (3.15) R 3 HIIEAMAO 2 ROEE ELLOIIE VT AST, T2b
b, (3.13) NIEBEE 2 HD omi; ([SHIET 5.

(3.13) Rk (3.15) AL ARER 2 ER L ARERRZE( ZLH'TE, THLTE
H L 7- A REER 2 RAREREMEICIERYT 5. REERZ LB Au LEBHANY
N VET VY v VOBEGH RS TCS L 5L, ZOK, BEWOERERIIZ, Kl
t+ At , FERIEHTEROMATETH S Newton-Raphson EORIE k [MEH T,

M)}, + KO AW + [CHTerar = {Fhrae — (R} 20 (3.16)
Yk, ZIC, M) REEY Y v 2R, [KP] REREET Y v 2 X, [C,] IXER
I BEBF TN U v 2R, {F} BHIRT M, (R} RSN RV
THbH. 2D (3.16) RDAAII, FERRIT IS BT AARENTH Y, 72, B t + At,
KiE k BB oeZfrid,

{(w}® 4, = ()70 + {Au}® (3.17)
LHhobbahs.
e b )y 2 A [K®)] i,

K] = [Ke] + [Ku] + [Ko] (3.18)
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3.0 KW hERE L IER T i

THY, [Kp) BBUMNEERE< N Uy 2 X, [K,] SRR~ Uy 7 R, [K,] &
RIS D)y 2 2ThH 5. [K] i (3.15) ROE 1 H, [K,] 13 (3.15) DL 2
H, [K,] X (3.15) X% 3 BITHET 5. MyNERRIEICBWTI, (3.14) A0 2
HEEW L TOTANERSND 20, (3.15) ROE 2 HLE 3 EMED, T4bb,
FIZARIME~ F ) v 7 A K, LAIEARIES N ) v 7 A K] 13T LR b.

(b) Updated Lagrangian FEX1t

Updated Lagrangian ERALICBW T, Almansi DUTAXHWVAS. iUt K ¢
DEFHRESRLC, Bt T
1

teij = 3 ( P+ Uy = (UK iuk,j) (3.19)

EEFZENSD,
PR B % AR & 5 &, Almansi DU 4 be;; & IUVNETERE DI H-UTFA=
M1 2 R Cijps 95 Cauchy DI/

E’I’,;J' = C:'j‘rs :E” (320)

LIS, TN Almansi DU A E Cauchy D1 % VT, KEFIZ X 584
FHIERE T ZR L-FREEA T EHT 5.

Updated Lagrangian E3{bIZ B 2ARAHIE DB B, total Lagrangian R AL & [6]
BEIZ Green-Lagrange DU & 4% L8 2 Piola-Kirchhoff DIin/) +4'S;; & HWT,

/tv HHALG SOt gy — /os LAt 1S g Uds+_/ov LHAL EB gy Oy (3.21)

LHbbINb.
Z D (3.21) RF o oS, 2 WMARICT S L,

S = 1S+ 1Sy (3.22)
L B35, BEAl ¢ OFARE SR L7/-KH t % 2 Piola-Kirchhoff DInJ) £S;; 13 Cauchy
DRSS try; LR LICRS720, (3.22) Rid

t+et3i‘ = imij+ 5 (3.23)

Yhh, 2T S;; & Truesdell DIS/IERE LITEN D, 72, Kl ¢ OREBR L /-
%) ¢ + At @ Green-Lagrange DU A 4te, I XUT AWFE 2 DD T,

t+?tfz'j = t€ij (3.24)
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3.2 KB 2R L7EBmT ik

LR, S5, 20 ¢ %

t€ij = t€ij + Mij (3.25)
erll,
1
t€ij = 3 (tuig + eujq) (3.26)
1
tThj = 5 tUki Uk (3.27)

&, BRI LTI s tei; B L UFERI R T omij PHWTHHDHT.
i (3.23)~(3.25) A% (3.21) RIACAT B L,

/ , 1Subiess 'dV + / , imibies AV + / , b AV
= [, 8 fou s+ [ H4tgPou; v (3.28)
L. SBIC, Sy & e PBNESTHS LREL, Thb%,
945 = Cijrs tErs (3.29)

0i€ij = Oye (3.30)
EREEML, b F (3.28) RIAAT S &

/W Cijrs t€rsbtei AV + ./fv §Tii0mij LAV

— /US t+%5f=fg(5ui DdS =+ fov t+%tfl'Béui UdV _ ftv :Tijﬁteij th (331)

b, 20 (331) R LAREER T EH T 5.

Updated Lagrangian EXLIZB VT, KEREZER L-HE Y = VIEEFKTOUY
AE LT (3.14) REFAVE D, ZOERLTREBBERE BEROLHIIL L TES T 5.
FD128, T AESD (3.15) ROENL 4, 9, 0 OWHELEY, $4bb, (3.15) R&E
QAT E D, Tz, (3.15) RO 1 HIZEMBESICH L CGRIEETH 272 (3.31)
RIEEE 1 THB L U5 3 HD e 1AL L, F72, (3.15) ADE 3 HIIEMIESD
2 RDOEFEL /28 (3.31) RSB 2 HD oy WIHIET 5.

Total Lagrangian L& FRRIZ, (3.31) & (3.15) RDE 2 HEEO & LA L DS,
KEBEZEZRLARERRLE{ 2 LA TE, ThERARBRERSMEICHET 5 &,
#2350 kI3 total Lagrangian BRfL L F—0, (3.16) ROFREZAAEOLNE, Lo L,
updated Lagrangian ERALTIZ (3.15) ROL 2 HE O & §5 2 L0, HRAE~ b
)y 7 R [Ke] &,

K] = [Ky] + [K,] (3.32)
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39 KEWEEE L1 Ei ik

LY, Fiz, SROOMIMEY N ) v 2 Rk (3.16) ROEMHEIN MV {R} 13K
L-ERHREBRLCGER 3.

3.2.2 ASKANERERR

REBIZ BT, B o L CRERAYES BEFE RSP 65 2 b LAHK
BEOME - KESHPEEBROEHIIG U TELT L0, ThH6D< ) v 7 AR
N7 MNVAEREIIEBETS. LAL, ST, &9 LAATRIC X 2REHR~NOEE
Bh SV ERGE L, MEROA RERN & M INETAT & RIS,

[U]{T}t+At + [R{T}erae + [Cel{tt}trae = {Bem}HAt (3.33)
3B, ZO, REEOHRI, RELENHTH 5 (3.33) A0E 3 HTER INAS.
3.2.3 ERRERAE

HEY DA REZR (3.16) I Newmark @ g 2 #HT 5 &,

(50 + Bl ae) {80} + [CHT hran
= (P~ (RYE - M {57 (WHE2) - fub) - g5 - (@)} (339
Ei Y, BEROARESER (3.33) i Crank-Nicolson E% BT &,
~[Cel{u}erae — (U] + aAtR]) {Thsar = —aAt{B}ya — (1 - 0) At{B=},
- [C{u}e = (V] - (1~ @) AR} {Th (3.39

Lird, T AL IIEEAT v 7R, B & a3, TNFN Newmark DS #:& Crank-
Nicolson HEDEHTH 5.

(3.34) & (3.35) REMAGTDOE TERRDOFREREAX L § 57201213, (3.35) ke
BE 1 ED {ulpa TEABICTHLENH L. £2T, TOHEIZ (3.17) RERAATS
&, (3.35) i,

—[C{Au}® — ((U] + aAt[R]) {T}iat = —adt{B} sy 4 — (1 — o) At{ B},

— [C ({u}e — {w}thai) — (U] - (1 — @) A¢R]) {T}, (3.36)
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3.3 EALOWRAE

. P i
\\\ Top surface 9 s
NI I T T I T T T T P T T o ;t ;
Slll‘\llIllHlHllllll f s
N Bottom surface & b2 ¥
L 2

L=10in. E=1.2x10%Ib/in.?

h=1in. v=0.2

b=1in.

Fig. 3.1 Large deflection problem of a cantilever

b, ZoRE (3.34) REMAGHLELZ EICL Y, BERESZEH LLAZROE
B ERGR A REFEL,

(k)
M C Au Fl
B(At)? ’ = (3.37)

—-C. — (U + aAtR) T

K¥ +

F,
t+ At

b ZIZT, {R) & {R)} &, FhFh, (3.34) Ak (3.36) ROGELTHS, 20
(3.37) #\C Newton-Raphson %8 L TR% KD 545, oo K] i3, (3.18)
2 (3.32) ATHEENDL L IHIC K] ® [K,] 2EATBY, INIFEREEEZFEOLO,
R (KY) 2 BHT 5 LENDH 5.

3.3 TELDIRL

KEFEAT ORI L LT, Fig.3.1 (ZRT, 3 ) o ME 2 835, i, Fiwmas
ELEESNAIZY ICETEDS P2 O—WELS 2 AMETH 5. KERENTE
SNTARD B MR % Fig.3.2 IR T. 7, R Clt, 8B 8 BT A v 35
AP 2 Yz VEERRA LD, MO LR E FERICHT THERZS5 252 EHT
X 2\, AR TIE, MO LE2 S P OELR G 2 TR L7, TR, Bathe &
OAHERCI L B —HLTB Y, KEBRBEISHT 2 R8T T — F OR LA HET &
ns5.
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T 3.4 KEW & U 5RO ERFT

15.0

----- Infinitesimal deflection theory
O——OPresent study (Total lagranglan formulation)
B——l Present study (Updated Lagrangian formulation) Py

¥ Calculation result by Bathe et. al. i

10.0 e

Deflection [in.}

5.0

0.0 e
0.0 20.0 40.0 60.0 80.0 100.0

Distributed load [Ib./in.”]

Fig. 3.2 Result of the large deflection problem

3.4 XZW %4 3 FROERFN

3.4.1 FEAREIRE

BREIRICHT T HAREROZE, BLU, REVLERE LISERFBPLEE 25 54
WDWTHRETS 5 7:0, Fig. 3. 318 T —HRESE T ICE N - AR OB SR B T %
B3 5. 2T, Wi,

—i
Bz = bg exp W[T] (338)

7 HEEEIMICEAL T AR5 B, XEIML T, FARICHEBEREFBESE L. ZOWRERL
WOEFHMD—HERES B, \CX o TEMAMPEL T, MERE S, $7-, R L B
TIHE LB B, [k o TREEBENSREL, MERICHEELYS XA LV IHMET
b,

AT LA ERSE % Fig3 4Ry, BRI SHATAVYNT AN ) v 7 v
NVEERSHRL, A 117, BRER B8 ThbH. KERTORFEGIX 0.2(msec] & L
7. F 7o, T E AT VA (316 SS) RRE L7z, SO OMESER % Table 3.1
R
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3.4 KEB# & U 5 FAROBEMRMHT

Fig. 3.4 Mesh subdivision of the plate

Table 3.1 Material properties of the plate

Copper 316 SS
Young’s modulus [Pa] L1l w10  1.8x10M
Poisson’s ratio 0.0 0.27
Mass density [kg/m”] 8912 x 10 7.9 x 103
Electrical resistivity [dm] 1.72x 1078 7.2 x 1077

3.4.2 RETRER

EER B, % 05[T] &L, (3.38) ROLHESSED DHME by 2 (LS EED, 5B
WO BB bA% Fig.3.5 [ORT. 2721, HEIL 3.175[mm] & L7z, KEEMBTCE
Shalzbiid, VNERBITCHONE bR LB L TN o TB Y, TEIRIES
HRE L RBIZHEN, 2 DD AEOERREL Lo TWA I EPbHh3b,

Fig.3.6 2, bp EALSEIHED, 316 SS DHMMDIzbARRT. 72720, BER
8 B, 1% 5.0[T] & L7z ZEIRES B, 2VhSWBE (FIX (a) (213, KERBT L i
BB L ARERF—FLTB Y, ZERES B, K& %5 IRV BT s R
DENRKE L oTVA.
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3.5 KEBOEEERENDE

YNBSS bo % 5.0[T) CEEL, EHME B, 22L& €547 316 SS DH
¥/ DA%k Figd.7 IRT. MERENIRRE (R (2) (b)) Tit, KEBMTICL B72b
DT, BUNETUATI & B 72bd L L TR E (2o TV 57, BIRFEIRAEE (FIE
(0)) BT, KEMMHHER & M NETRITHERDEAN L o TWB I LD
il

3.5 AEWOERIIRADEE
3.5.1 FEBRIEZDZE

316SS MDEAK7=b A & EEIEIFDOFEAE by & DRBIE%T Fig.3.8 \IRT. M INETR
FrTIE, bo ICHBI L TRAZDADKE L o TWAED, KERBITTIL, by 25K E (&

B IRV b ADBUINETRNT & B L TR E { o TV, fE-C, BRI B,
DR E B KRETRATOLEL 25,

3.5.2 TEHRIGORE

WOBKIz DA EEERS B, OBR% Fig.3.9 IR, EEMS B, H°5.0[T] LT T
&, By A RECZBIHE, BRRNIDKREL LB1ORKEMNIKEL ZoTWVS. &
DEf, KEFBIIC L B7-b AL, B NERETIC X 57:bA LV /INELoTWS, L
DL, BERENSKE {25 5.0[T) LTI, KEMBITIZ L 27-balt, N
IZEB7bARERBLTRE L E>TWAI LAThhs. Thid, AER*EE T2 =
EWXLDERANESRY, TENHCEEREN SR L, ZOKR, ABED RIS
NEL otz THILEZLND. HoT, AEMAYERE L7 Tk, ByNETR
e LT, BT LOERIVNE D XIS T, Sy INETBT Y8 1228 O SE{Th
Wb ERBLENWI EICRY, EEFLETHA.

93



3.5 AEHOERNR~DEE
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g 0.00f ]
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. Serdkee Without large deflection effect
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(c) bo = 1.2[T]

Fig. 3.5 Deflection of the copper plate with transient magnetic field (h = 3.175[mm],
B, =05[T])
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3.6 L0

3.6 F&H

RETC & 2 820 IR % & ORISR EERBIPIE IS LT, ThE TREL
THEBY T2 M) v 2 R E BV BT %, total Lagrangian BB & U updated
Lagrangian ERILICETERFRL 72, T 7=, TR b ADORSBEIRENRIEOBAT %17
Z\,

o TBEMEZOKRE 12X 0, KETMNT & NSRRI, O D REITFER S
Nz, Zokd), MEIZL > TRAERIC L 2IEEEH2EE LB LEL
5.

o EEBHIVN S VIHE, REBIT OB HRyNTERATRER &L KB L Tlob A
NS B0, BEERBSEARE 2, WAFBBTIREICE 5 &, REERRIEL
TLIZLDLAEZNILTELERLLWI EP¥bhole, ZHICE Y, NETEH
s LA RERMOFFME 2 6 v izd, RETOBRICERILETH 5.

 ZTI, HEERT O AICKETIC & B BMER R IR £ ER L 720, YOS
REEFREHICHELGAHZ b THERONLD, 29 LK TE LITHEN
VETH5.
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(c) by = 10.0[T]
Fig. 3.6 Deflection of the stainless steel plate with transient magnetic field (h =
3.175[mm], B, = 5.0{T])
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Fig. 4.4 Dependence on Young's modulus by finite element coupled analysis
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Fig. 4.14 Schematic diagram of a plate in steady electromagnetic field B, (torsion and
bending)
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Fig. 4.15 Coupled modes of the plate
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Fig. 4.15 Coupled modes of the plate (contd.)
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Fig. 4.16 The change of eigenvalues with steady magnetic field (torsion and bending)
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Fig. 4.17 Dependence on magnetic field by finite element coupled analysis (torsion and
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Fig. 4.18 Dependence on Young’s modulus by finite element coupled analysis (torsion
and bending)
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Fig. 4.19 Dependence on density by finite element coupled analysis (torsion and bend-
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Fig. 4.20 Dependence on electric conductivity by finite element coupled analysis (tor-
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Fig. 4.21 Dependence on thickness by finite element coupled analysis (torsion and bend-
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Fig. 4.22 Dependence on magnetic field by single d.o.f. model (torsion and bending)
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Fig. 4.23 Dependence on Young’s modulus by single d.o.f. model (torsion and bending)
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Fig. 4.26 Dependence on thickness by single d.o.f. model (torsion and bending)
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T Ay R BHTATFHEEMNTS. T, ERDPOBONIEEIREE T A—F 2 H
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a =79+ iw, (5.3)

THhb. 0 (53)R% (5.1) RMRAT 2 &, EFEE AT A— 511,

Oes _ fyc (5'4)

LB Z Ehh, BRBFEIRBERTHE O N-IRESEE > bBHABEER 4. LARE w,
23R, ZRBE (5.4) RIRAT DI LICE DBEBEME T A—FARDLND,

5.3 HBMIUBEIREOEERSE
5.3.1 ZEROBIE

AR EREVERO KR EMEI T Photo 1 I1T/RT. EEREE IR Figs2llRT X S
WEREER - EERER, YV /A F 31N, B8R B L UF0303FE, L—F -2
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5.3 RAHFERHOERITE
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5.3 MABERB DEESTIE
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Fig. 5.2 Experimental system of magnetic damping phenomena

Tl 120 1=0.3, 0.5, 0.8, 1.0

Fig. 5.3 Test piece

5.3.2 FEER&EE
(a) BHBRK & XI55

SHERF X Fig5.3 12" T X )1, B E 130[mm), 1§ 40[mm] DM T, HEEIEEE/ NS

A= & DRI T DA% KD 5 72 HE 0.3, 0.5, 0.8, 1.0[mm] O 4 FEIHDOHKER
E%EHAT 5. ZOSEOMBERE Table 5.1 [IRT. ¥V 7 RIE, ZEhORERN
xF LT, BIERY RERIC X DMEE R E7, TR, BRI, Z OMIROMEHIARE
TH5.
SRERH OB ¥ 10[mm] D#EFZME, Photo 2 I{RT & ) KM TELEE S NS, 20
FREERIE, Fig5 4R T LIS, VL2 AR a4 VARSI EL 52 2L ) (2,
ERMMETH ATV IZTLATHELNTWS, i, RBH EX/HROMIcN—2 5
A M ERBG D L) HEBICERITNZV L IR LTS,
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5.3 RESHISHRED O EBR

Table 5.1 Material properties of the copper test piece

Thickness [mm] [ 0.306 | 0.507 [ 0.807 | 1.029 |
Young’s modulus [GPa) 111.7 | 116.8 [ 108.1 | 115.8
Density [x10%kg/m"] 8.93
Electrical conductivity [x107S/m] 5.99

Photo 2 Test piece and clamp component

(b) BEREREVL/ AR

BRIIRARDERE 110[V), RKEAER 10[A] PEEEE - EBHETHY, Th
PEBREEL LTHEATAS. UL, VL AR I VCBRERT &, #0O8EHICE
BT a— VI L ) EROBEIELL, TOEE, EROEMDEILT S0, EBE
RETIRIIANVICHNAABRS—EIC 262 WOTHE. Tz, A VIELE %
T AD, COEFREL 2 BERT 5.

VL /AR a4 ViE, COEBEBREEREOHRELAMICER S & HITRET L. 2hig,
I A4 VOIEHUEIC X o T, BIEORAHNBESNS, I A VT EHREAHIR S 2 2
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Fig. 5.4 Rigid support of the test piece

bTHD. T T, BiF 1 BORKENEES 110[V], BRHAEGHT 10[A] TH5H7:
W, F— AOEDP SRR I A NVOEGE R T 11[Q] &420, $72, BROFEEr &
BER 2 HVTEROER R 13,

l
b= K2 (5:5)

AT L LEROSE | BRI 29 LTHREILA, VLV /AR af voiRsHE
% Figh.5 \Z/RT. T, K& 220[mm], P4E 45[mm], SME 49[mm] DT 7 Y VXA T
i, B 1mm], #ERE S 0.027[mm), X5 H 180 ° C (IEC Publication 172 12 &
5) DEE 995[m] $AHDT, 22 £ 4352 MBI TWAE. oL VISR 1 v &4l a 4
Vi HRERL S L, PRI A OV ICIESAHRAT 12 B 2381 [, #Ml 2 A )V iZid 10 Bt 1971 [A1%
PRTEY, FREFNHAMIIC 2 BOEBERBIRICER SN TWS. T, T4 VHERIC
RE LR R B % 2 ANV V- BN L DV RIET B2, T
DYV AFIALNVIRFED S 66[mm] OALEINE 2(mm] DAY v P HRRIT LT
WA (A Y MEOKE SIGRESE).

VU AF 3L VPRICRE L7 BRE Rl o5 % Fig5.6 IR, Zhid, €

F 8= D EE
pol ds xr

4T 73
» BAERES LTRSS A KD, ThERKERTRIEILLA-EDOTHS. (5.6) XD
po, I,ds,r 1, ThZN, BRE, 04 VIHNS B, BROFENS b, BN
TV D B ERS OGS L OE#ETH 5. Figh6k ), IAVDMHE A v MG T
OREHBEIUTE D, 2 4 VHEIE RS L &> TS, B ETEsAREE D

dB = (5.6)

91
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Fig. 5.5 Schematic diagram of the solenoid coil

Slit~_ X

‘—.——'ﬁ—‘———_.__‘
f><

Normalized magnetic Field[%]

100.0
90.0
—— Position x=0mm
soof /M4 1 00 Position x=10mm
— - — Position x=20mm
70.0
60.0
50.0 1 ]

005 000 005 010
Position along the plate length [m]

Fig. 5.6 Distribution of the magnetic field in solenoid coil
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5.3 HMEARERHOERAE

Table 5.2 Specifications of the laser deflection sensor

Standard distance | 50mm

Range +6mm
Sample rate 3KHz /300Hz / 30Hz
Sampling time 0.15msec / 1.5msec / 15msec (SW)

Resolution (20) 30pum /10pm  / 3um

90% D EDEZRAZ LATTE L. Lk, BBOKE i3, RARBIZOMET BV TH~<
L. RERTIE, Pa—NVBICEBVL /AR I V~OBBARELER LT, T4 VI
TR, ERER 2 05 FhTh 9A] #RAMEL Lz 2O, YL/ AFafn
DA 0.21[T) &2 5.

(c) MIFLEE LT — 2MER

REH DOIRE R BIET 2 700, HIEREBEOISERER Y EET2LENH L. FHD
REPEE,

P

22\ pA

TRDOBZELWTESL. ZZTLIEIRES, E XY VTE p XFBE, I TFRORE 2

RE—-AZE, AIRORTERTH S, T, ) IZEHE—F EROBEHEICHETAE

#C, FinBEEFARD 1 KIREIE— N Tlid 1.875 &b, EEREATR )RR T 1 Xk

E— F OREBATKAICE 501, HWE 1.0[mm] DHED 40.39[Hz] TH Y, L—F—
ZhIE, BT AEE, A/D B, COEEER L TEE L.

T/, V=¥ —BNEHIBW T, YL /A F 34 VoD 6 a4 VNORERK 2
RHET B0, L—Y—EEt & R L DML E 2 5. a4 VO RER
R %&RE L7356, Fighs &1 L —H—BNMEHE 48.5[mm] P LEEN 7-3BRF 220 % )
ECELURILEERD. &) LIREZR L CEE L, V%45 $h0da
it A/D ZHagzOtbkk% Table 5.2-5.41T7R 7.

V=P —FMEHIV LV AR A VICT A ) v b 2@ L CTIRBY 2 E T 5720, #]
SETEZAY) Y MELROTBLENHL, JZTiE, AV v F %L Figs.7 I
TR EERREET, AV Y ME%Z 1.0,1.3,1.5,2.0[mm] & L7zER*1TE o7/2& 25, Table
55 WRTHERVRLNL. T2, Ay MEFKEWEE, a4 VIeABESORRARN
BRELZBHIEZZRLT, R v MEIWEEED 0.5% Kilik &5 2lmm] & L7z,

(5.7)
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5.3 BABFEREOEHRAE

Table 5.3 Specifications of the dynamic strain amplifier

Range 1~ Skpustrain
Sample rate 0 ~ 5kHz
Low-pass filter || 10, 30, 100, 300, 1kHz, F(flat)

Table 5.4 Specifications of the analog/digital converter

Channels 8 channel
Resolution 12 bit
Maximum sampling time || 20usec/channel

dlit: Vo
4 v
Laser beam ”
s
J Test piece
m

Laser deflection sensor

Fig. 5.7 Experimental apparatus of the laser deflection sensor

Table 5.5 Error of the laser deflection sensor

Slit width[mm)] | Deflection[mm)] | Error[%)]
Without slit 1.198 —
1.0 1.804 90.58
1.3 1.165 2.75
1.5 1.192 0.50
20 1.201 0.25
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5.3 MSHEIREOERSE

5.3.3 ERHEE/INT XA —2DEBHAE
(a) WHFIE

RN T A — 5 Co 1, (5.4) R VREAHEE 4, LAHRE w. POROBTL
DTE D, WERIFEE 4, i, Figs81RT &£ 912, ERTHON/HREIEENE -7 K
T =¥ o, BMRBEDNOES, Thbb, ZEHENIC L 2 BESLEERFEDORS % IR
EL (REIZH), € ORKBENROADE - TT— 5 %,

u = uge " (5.8)
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Pk & DSBS DG 58 5 3555 DERE wair W,

Wo ™ Wair (6.9)

ThbHEREL, ZRERR EO/HERE~DOEEBLERTS. 20 (5.9) ROIEHMIE,
5.3.4 HiDEBRTRHDRT 5.

(b) RASURZERS Ol

ZERIR EOBABEDNOBEY S INEBRRERDP L, TORTERETSH
HEE LT, B4 t; THRETAHFELEM vy TRETHHEYDSH. 2RI LI
L BBEEE Yur &5 LWHEE,

u = yge~ Teirt (5.10)
THh D, ZREIR &I X HEFEEBAFBFIE INEERI, (5.8) Ak (5.10) LD,
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Ue = uge” ek (5.12)
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A
Experimental result of magnetic damping vibration
with the effect of viscous damping by air
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Fig. 5.8 Method to obtain magnetic damping rate from experimental result
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Th by, Z5IENE EORTBELUNDOEE, (5.10) X b,
Ugir = Uge~TeirH (5.13)
Eh. ko, FRHCZEAURH A L O L REUREEN S A, (5.11) KL D,
Ugy = uge™ (et ain)bi (5.14)

Ehd. ERRITED, (513) KD g & (5.14) RD uyy Z2ROBZLITELDT, &
nH & (5.13) 7, (5.14) B LU (5.12) A b,

Ue =~y (5.15)
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Fig.5.10lZ/7F & 912, (5.12) NCEMA w; L2 BRRI%E ¢, L35 L, (5.12) R,
U; = uoe'“t“ (516)
ThHY, (5.14) NCTEMD uw; ERIEHE t,y, L THE,
U = une_')'airtuir (5_17)
Thb. [FREIC (5.14) RTOBN A w L B8H% ¢ T2 L,

U; = uﬂe_('¥0+'¥uir)ta[i (5'18)

Eleh. FEBRZIY, (5.17) XDty & (5.18) KD tyy KDL LN TELDT, Th
b (5.17) R, (5.18) RB LU (5.16) 5,
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U
te= —p; . (5.19)
lOg — + taﬂ'fair
Up
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T, 2O Yo XRDB720, {iHF 0.0[T] LT, VL /A F 24 VATHE 0.3mm)
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Fig. 5.9 Method to obtain magnetic damping from experimental results at #;
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Fig. 5.10 Method to obtain magnetic damping from experimental results at u;
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AEEBRTIE, RBH ICEROTUMIEMN £ 5 X TR & ¢ 5 720128 ¢; TO (5.15) &;
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DEBLBRETLHELERAT 5.
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1.0 g ARSI LA T S TS
% ¢ Viscous damping by air in solenoid coil
0.9 2 “ Least square fit
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Fig. 5.11 Viscous damping by air in solenoid coil
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Fig. 5.12 Least square fitting of the rate of the viscous damping by air
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Fig. 5.13 Damping rate of air viscous in solenoid coil

5.3.4 AIEREROZYMEDRREL

HERR, ZREROVEB L 2AREORLIIERTE S L Lz (5.9) RDIRESB
L USRI L 2BERFOBREHEOFLEEERIC L VIRIEY 5. 572 0.0[T]
YL, AEEEDT 4 FEEORERE OB CTRAL 2 AME 1.0{mm] ORERF CIRE)SEER% 17
otz DFRTF—ITHELEREBR O B 5U0TFAaL, LY —EMEITHlzEL: A
HOER DS Y ESRFHWTRDA: B AUT A%, Figs.14 \ORT. FRL D, 2 F85F
DEERBICL ARRIEIBRL—HLTBY, HEEROZLAEIFER I NS,

KU, BRI X BIRBMOEL 2 EEBRIC L Y RD D, WELFEL S 4 BEOKER
Fricat LT, Bisdt 0.0[T) D&M CiREIER LT\, TOMETHLNRE) 7 —
I L okER % Fig5.15 \ORT. CORBRP L, AERTIZ 1 RE—F ICIRE)H L
B THALIENDLRY, Tk TOFERS Cho0FRPLHBONS. ) LTKRD
7B D 1 KE— F OREEB & U°(5.7) R & Y FATHIC RO 72 3REI# % Table 5.6
R, SRR R EAIRN R ZRA TR RO AR OREDY 5% LTI k- T
WA ENbRL, ZhICL Y, ZREHIC X D REMOEL L MATEZ L L L (5.9)
ROREVIRIE S LS.
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Fig. 5.14 Strain of the plate at point B(h = 1.0[mm])
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Fig. 5.15 Results of Fourier transform
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Table 5.6 Frequency of the test piece

Frequency [Hz]
Thickness [mm)] || Experimental results | Analtiycal results
0.3 12.08 11.90
0.5 21.00 20.28
0.8 31.82 31.22
1.0 41.02 40.39
1.0 ‘
05 [
3
E
= i
S 00
8 -
3
a)
-05
i
-1.0 ¥ ' : e
0.0 0.2 0.4 0.6 0.8

Time [sec]

Fig. 5.16 Magnetic damping vibration in solenoid coil
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B3 % DN L 7= BB RIRBY EBR CHERE T 5. ERTHE O Nz A BN % Fig5.16107R
F. ZOIREPEILICIE, BEFIEE & BRETIC L 2BRESE TS 20, 5.3.3 FHilod~<
TeHETESIENIC L 2BERTZBRETS. &) LTEON:, BEREDADRE
% Fig.5.17 \IR¥. £/, AR, BABEDADRE BB & Y B/hERED.,
L7AEROBRL T 5. BABRIIHEFEE TR AMUIhTE Y, Z5ERIC L 25
B2 RETHHEORUEIHRSNS.
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Fig. 5.17 Magnetic damping from experimental result

5.4 SERGEE/NT X — 2 DG « IRENDEKTFE

HEBEINT X — 7 C,, DRSS LRI T AEN T KD 5720, Table.5.7IZ/RY
E, BTN LT 7 = A, RIS LT 4 7 — ADBKBFEIREER L1742 ). &
E L7 r—ADOWSE, Table 5.8 \ORT L) REHREVV /A F a4 )VORMAIa 1
ESEIT A VIZET S LIk o TSNS, T, BNIERITE ) L—Y—ZNED
AR 3[kHz] & L, A/D TREBOV V7 ) 7 ¥ A4 i 0.5[ms] (ZEEE L7-.

Table 5.7 Experimental conditions of magnetic field and thickness

Magnetic field [T] || 0.039, 0.065, 0.092, 0.118, 0.139, 0.165, 0.210
Thickness [mm] | 0.3, 0.5, 0.8, 0.9

7 cases
4 cases

Table 5.8 Magnetic field of solenoid coil by current
[ Magnetic field [T] | 0.0 | 0.039 | 0.065 | 0.092 | 0.118 | 0.139 | 0.165 [ 0.210 |

Current of inside coil [A]

0.0

3.0

5.0

3.0

5.0

5.0

7.0

9.0

Current of outside coil [A]

0.0

0.0

0.0

5.0

5.0

7.0

7.0

9.0
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(c) B = 0.065[T]

5.4.1 FEERER

(d) B = 0.092[T]

Fig. 5.18 Deflection of the plate (h = 0.3[mm])

E 0.3)mm] DFRERA I LT, ST N L 2\ 356 & Table 5.7 ISR L727 r— A
DB % 52 I ED A FEM% Fig5.181TR T, $72, FEIC, HUE 0.5,0.8, 1.0[mm] D
FERH 1AL T, 0.039, 0.092,0.165,0.210[T) DRESH % 5 2 723560 A BEN % Fig5.19-
521 IZRT. EBERI D, BGEZMTAZLICED, BEIML LoTWAI Lih

»h.

D& HIT, Table 5.7 IIRT & 28 7 —ADERZIT 2\, BKIBERE % #iE L7
SO DEEHERE VT, HEEGRE/ T A— ¥ ORES E RIS A EEE R kD 5.
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Fig. 5.18 Deflection of the plate (h = 0.3[mm]) contd.
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i, #UE 0.5,0.8, 1.0[mm] DFAERF T 0.039,0.092,0.105,0.210[T] DEEF% 5 X 724D
EROLRLTWVS.

BAEEER 4, LIRENEIG 7 ) BB L TRONDHEE w 12X, (5.4) X2 H
WGERRE/ ST A= Z RO b NG, ARE 0.3[mm] DHERF OREEIRER 1, L AR
B w, BEERGREE/ ST A —% C,, % Table 5.9 IR RIS, HE 0.5,0.8, 1.0[mm)]
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Fig. 5.19 Deflection of the plate (h = 0.5[mm)])

i r (T

Fig. 5.20 Deflection of the plate (h = 0.8[mm])
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Fig. 5.20 Deflection of the plate (b = 0.8[mm]) contd.
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Fig. 5.21 Deflection of the plate (h = 1.0[mm]) contd.
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Fig. 5.22 Peak deflection at point A (h = 0.3[mm])

Table 5.9 Magnetic damping rate, revolution velocity and coupling intensity parameter
of the plate (h = 0.3[mm])

Magnetic field B[T] || Magnetic damping rate v, | Revolution ve- | Coupling intensity
locity we[rad/s] | parameter C,,
0.039 0.151 77.577 1.946x 1073
0.065 0.444 .17 5.763%10°
0.092 0.856 77.024 1.111x1072
0.118 1.473 77.428 1.902x 1072
0.139 2.029 77.039 2.633x107?
0.165 2.896 77.405 3.739x1072
0.210 4.897 76.189 6.414x1072
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Fig. 5.23 Peak deflection at point A (h = 0.5[mm)])

Table 5.10 Magnetic damping rate, revolution velocity and coupling intensity parameter
of the plate (A = 0.5[mm])

Magnetic field B[T] | Magnetic damping rate 7, | Revolution ve- Coupling intensity
locity welrad/s] | parameter C,,
0.039 0.160 132.133 1.211x1073
0.065 0.441 132.173 3.337x103
0.092 0.888 132.313 6.711x10~3
0.118 1.455 132.328 1.099x10~2
0.139 1.981 132.291 1.497x 102
0.165 2.788 132.140 2.109%x102
0.210 4.801 132.328 3.626x10~2
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Fig. 5.24 Peak deflection at point A (h = 0.8[mm])

Table 5.11 Magnetic damping rate, revolution velocity and coupling intensity parameter
of the plate (h = 0.8[mm])

Magnetic field B[T] | Magnetic damping rate ., | Revolution ve- | Coupling intensity

locity wc[rad/s] | parameter C,,
0.039 0.147 200.206 7.342x1074
0.065 0.443 200.150 2.213x1073
0.092 0.843 199.761 4.220%1073
0.118 1.356 199.841 6.785x1073
0.139 1.981 200.967 9.857x 102
0.165 2.821 200.282 1.408x10~2
0.210 4.581 200.059 2.289%x107?
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Fig. 5.25 Peak deflection at point A (h = 1.0[mm])

Table 5.12 Magnetic damping rate, revolution velocity and coupling intensity parameter

of the plate (h = 1.0[mm])

Magnetic field B{T] || Magnetic damping rate 7. | Revolution ve- | Coupling intensity
locity we[rad/s] | parameter Ce,
0.039 0.146 257.809 5.663x1074
0.065 0.417 257.984 1.616x103
0.092 0.819 258.019 3.174x1073
0.118 1.312 258.289 5.080x10~3
0.139 1.843 257.989 7.143x1073
0.165 2.675 258.547 1.035x10~2
0.210 4.469 258.562 1.728x1072
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Fig. 5.26 Dependence of coupling intensity parameter with magnetic field
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—HLTBY, KEROZYUBIMRIEINS.

EERER e BR/NB RN U 7SR, ERGRE/ ST A — 7 O & BRI 24K %
& LT,

C., x B202p—1.00 (5.20)

Plebhiz F7:, FREEBIERICB VT,
Cea o B2.014h—1.007 (5.21)

Er ol (5.20)3& (5.21) Rid, FIFD 442 i THERB LA VY 7 ¥V ADEHETE
% 356 T ORI,
Cos  B2E"2p~8K1p~1 (5.22)

LRFR L hoTwD, SO L, KERIZ, A V5 7 ¥ v ADEIEET X
LIREETH o7z L Db h 5.
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5.5 EAEMECBE AHRE

1071 . ===
= X FEM u
- “*ﬁ..__\ -------- Least square fit

2
/

N

3

| ® B=0.039[T] O B=0.139[T] B =T
| ® B=0.065[T] 0 B=0.165[T]
| ® B=0.092[T] < B=0.210[T]
A B=0.118[T] Least square fit

1093 e 0?4I l Iohsl I |0!3L

Thickness [mm]

Coupling intensity parameter Ceg

1.0

Fig. 5.27 Dependence of coupling intensity parameter with thickness

RIZA V75 7 AORMREEBFIROBERICOVTHRRS. #EEY OETLERE &
B2 B MEREN Y I CRER Y R SEBN, OB, 15 75 v ARRET
LIMBRICRHENZELSED. Thbb, V57§ Y ADPREINEVEE, K
2k o THEUBIBER, $72, ZOWER LI L > TE U2 BRI ET 2
TLihAH. COBMIEREN L LTHERICENT 5720, ZOBOBKRIHRS
i, —fRDBERS)

mil + cii + ku = 0 (5.23)
L CRRRICE D, L L, 4 2878 Y ADBREFKE VAR, BRI LTR3ED
& LTH S BN DREVEND 120, ~ROBEREMEEL R2 D, I RMEARE
EEIOKE R THS. L7, BIED Figd13 T, WEIKE & 00 ER
%5 X — 5 DRFHHRE CEAL LA, it WEEAE 5 2 & CIREB K X
(Y, ZORR, B CERAODBIAIKRE B olelcdTH S LR TE L. L1
Do T, &9 LM T TOEREIT 2, EEGRE T 2~ & DR, & 5 10Rst
THLENDD.
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56 L

72, B CTIREL/:, | BHEER T VEROIAKIEERT TR, 1 EOEERT
BONLBSREE v, LARE w, 25 (4.24) XD P, P, P, 2 KD 5 Z & T, HpH
NG A= DRFGHEBHCRD B LATES, S, bRz AEN
WEETT AL CARIE 2B,

56 F&o
RS HERHOERF T2,

o EERHERD OEBGRENT A— ¥ R BT HIFELREL, €ORYME BIEFAT
REREDEBIZX YRFEL 72, SHIC X ), AEFERBERD O, BRI RO
SEEBMICEHIEY 5 Z LATE 5.

o HERGERE/NT A — ¥ DG LRI T A KT, BADOSG T TOERIZLY
Kol CORFEHERAVAZ LICLY, EREENT A—F ICEOWERE 2 &
BENATR ) ZLATES.

o FIETIRELL | BHEERTT Ve BEROEHBITFEOR LM e HER L 7.

LA L, EERTRONMAME R MG LR, ZEREA V5 7§ ADFRIVNS W
L LoTBY, TD2W, LA VYT 75V ADRBEFRZ VST TOEBEIW,
BThH5.
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STBERFOFHE/ N X —%

6.1 (FUBHIC

BHRES P ICERIE SN ARERICB W T, Z0EEYOREMIFER RIS » 5 2
572010, R ERIFEr EENISFHMETE A28 XA— 9y B RBERD. 2, 29
L7235 A —F Ofg 7 E10 2N T RO TB L &, BREERDERIC L Y IRE)H
WroNDB Vo -HEZEBAIICHIE LG b TiEL 2 5.

HABEIREICET 539 A—% L LTI, Takagi 512X ), MRKBIEHOES
FEHTE-L 6.2) |ZFIH &5 critical magnetic viscous damping ratio®3) % Yoshida 512 &
D, HERITAL L 7B ERE) D5 H 830D & inductance parameter, magnetic force
parameter, magnetic damping parameter ¢4 PSEZE I N TS, T2, KAFEIZBNT
b, H4ETRRL I, ERHFR S UCEREAHEICE SV CERIME/ ST 2 —¥
LEEL, ORGP EER - IR 2 KIF %, BUERT (58 4 ) B L UEER
(% 5 B) ICX Y RDTNW3.

Z T, TOERMENT X — ¥ RIRBERIFEOFE T A - & & LTIRE
L, B8 E X UEBR TR NG A —F & LTORYEEZREET 5. BERTT
1, EREEE YT X — ¥ B L UHEY L RERORERILS —E L k24 DRIEY, £
4 TR/ YT X — & DRFRMT T EE RV TREL, F—0ORARER
BRSNS ONE L ERT. T, ERTHE, EREROHIHND S HRICHEY #ET
E Vi, EHHE/NT A= I P-B L Vo DAL R L CRIEZREL, KX
BREAT29).
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6.2 WEBEDOM/ ST A—F

6.2 RSBEEOFHm/ANZ X—%

ERSIROMSERT/INTG A= & LT, 8§ 4 BT HEEEAEICED W /ERGREN
7A=Y #ERE LY, INZHEEEDFHIE T A—4 & LTRFET 5. 1 BHEZEK
ETNCBIT HEBIREENT A— 513, 1| BHEEREF NVOEEFEA>LFELRD
EREAEIC L Y ERS K, ORI, BEWOESFEX L RERICET AKX
rHAELET,

mUao® + mRa® + (kU - C.C,)a+kR=0 (6.1)
THb IZC,midER, U BAYY I VA, RIIVIRY U, k ZRE, C, 13E
TEEIC L WELA2HERENICET A, C, IRERICL VELIERNICET A1

ERY. ChEeM I Lic Xy, EERR e ECEAER,
R

a1=—w+{b—\/b2+—a3}%+{b+m}% (6.2)
R {p-vET@) + b vETS)
G, 03 = ~ 57 — -
1 1
o {b-vF+a} + {b+ VB + a3} - -

2
e il
R 2 -C.Cy + kU
QU2 3mU
_R* kR . B(U - C.C,)
2TU3  2mU 6mU?
L5, 1 HHEERET VICBIT 5EREENT X — 513, 20 (6.3) ROEFEICE
AT,

a=

b=

Re
O =— 6.4
o] (6.4)
LEFREINS,
F7-, ERERTFNMIBVC, BEYOFREZA L MEROEREZR 2 Mlasb
7R RE RN,
-K 0 0 i 0 K o u 0
0 M O D+ |K 0 C,|{v)={ Fe (6.5)
0 0 -U||T 0 -C, ~R||T —Be=

Lhd, ZIT, {v} 3BALEERERL TS, HREZET VBT 2 EKRE/ (S
A—=%E, D (6.5) A bBONLEREFME o 2FAVT, | BHEERET IV ERE
I (6.4) ATERIND.
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6.3 FHMIi Y5 A — % & LTORYMDBRITHE

6.3 EMll/NT X —2 &L TORYMEDIRELSE
6.3.1 FRELFIE

EREE YT X — 5 B L UHEY L mERORERLE —E L LIE4DENHTT,
ARERMN L EBReAT R\, F—ORABIFEIRONDL I E2/RY. ThIZLD,
ERGHEE/ ST A — & ORESKRFEFERHIE T A— 5 & LTORIEUEREET 5.

6.3.2 R - EERFHDORESE

EERRENT A—F BIUHEY LREROKERLE —EIT 572010, 2o
D, Bi¥s B, Y 7 E, BE p, BEF k, IWE b 1T T 5EGFUL RKOLLENDH 5.
SEMORSIBFIRERIEIC BT 5 ERIME/ VT A—F D B, E, p, k, h {3 KR,
B k _ER R 1 C.C B

m- b =P o P
P EKEAED (6.3) RRAL, & HIEBHRENT A—F DERENTH 5 (6.4) i
RATHZLIZEST,

(6.6)

Ceaz%=Czs(B:Esp1nih:Ps,PeJPC) (67)
L%, ZIC, PP, P RIBIEBTH 245, P, i (6.6) ROF | REFPIROBAE
HIRE wo 5B/ LIS,

Eh? k 2

TPS = E =Wy (68)

PouRDOLNS. T, P, P, WEREZRFN P LFONLEREEME o = —7, £ tw,
& (6.3) i (6.6) ZRALZADH,

i

s
R BIFGHEVHEREZML I LIZEYRDON, b % 6.7) RURATHI LICE
D, SERRGRE NS A— & DRI,

Re a(B,E,p, J‘G,h,Psx PevPC)
Im Q(B,E,p, ﬂ-,h, PSl‘Pﬁipc)

(6.9)

Ces = Cos(B, E, p, £, h) (6.10)

E%5.
¥ 7z, EY ORERE LT, IRERRBEOEE HER,

mi + ku = 0 (6.11)
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6.3 EEli/NT A— ¥ & LTORYBORIEHE

PORONBERME w AV, RERORERE LT, BEROIREAER,
UT+RT =0 (6.12)

POEONDERE v EHVS L, (6.6) A&V, HEEY LIREROER I 13,

wu_ ’ PE Pp’ni

Lh. ZORERI T, EREAES S RE SHBIEH P, P, AV THLDER
%720, SRR/ T A — 5 L ARKIC, SEREAERCER SN,

ZHD, (6.10) K& (6.13) RUT L Y, BHEHEE (5 A — 5 B X OHEEM & IRBTROME
Bt —E e h AEPRET L. EEEENT A—F % Co, BEERL % I° icikET
A7 (6.10) Ak (6.13) & D,

(6.13)

Cos = Ces(B, E, p, K, h) (6.14)
Pe [ p
0o_ Te _
L = kh2 PSE = I(Eip! K’:h) (615)

AHBREMRETS LI, B, E, p,k,h DEOHEE® KDL, (4 B, V7R E,
HE h) OREGETERRENNT A— 5% O, BEHLE I° L ¥ a4 d~<5,

B, COR, BE p LEEE «x IBEANEICEEL B bDEL, /2, P, P, P, 13K
RECEPBMELBZTIET—ETH 5. FigbLIRT LI, 6.15) RIS E 2525k
hHROLN, T2, COE & h % (6.14) RIRATE L, 2okt B DAL %
5. ORI HIEN%E Newton HER LT ZLITL ), BREE/ ST X — ¥ % C0,,
BRFEMIA I &7425 (B,E, h) DEOHEEHRDLNE. 512, Fig62lRT L9
W2, E 2@ Y) 5252 LICXY, (B,E,bh) DEEETHIEBOr —ANRETE S,
7, AEREFMICEY, (3% B, BE p, B ) R EOMEE T, EEEE/NF A—
SO0 BFEBHA I L AR A RETE S,

es?
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6.4 BEMHTIC X B UMOREE

(p(Density), x(Electoric conductivity) = consr.) E (Young's modulus)

w. | (The ratio of time constants
¢ of eddy current and structure) equals to 77

E | pP _r
xh*\| P.E

/ Ces(Coupling intensity parameter) equals to Cj, 3\

C C., (B,E,n)=C5 )

I

( Ce_r (B'h)=C:¢ ) km o w*
- ] “‘( h (Thickness) )

( cm=ci ) _ y
|

Newt thod
N S~
( B (Magnetic field) ) ’l B, E, % 1
% Wy,

Fig. 6.1 Method to determine conditions to keep Ce, = C2, and I = I°

6.4 BUERRATIC & 2 ZHIEDMRETE

6.4.1 M#AMIRR

EHREE /ST A — & OBTBFIFMFM/ ST A— 5 L LTORLUHERIET 5720,
Fig.6.3 |Z/R 85—k B, FICE LN BIE E AR OB RIEIRE) R % AT
5. TR, FRICEESNOEEES B, 2EINL T, FARICAEREBES TS,
Z DIGEN & —F-ES B, IS L ABRENIC X D EEEWAET L, BEH, S oER L
—kERE B, ICX AEERBENICE o T, IEHRETARETH 5.

i, TEAM 77— 27 av 7R 12 F “Cantilevered Beam in Crossed Field”(6-5)
FPRICHIERE THD. BUMERELT 5200 HEL 2 8% Table 6.1 \RT &
I, HEOBE IR LT 2 7y —AREL. 20 2 r—ADEMEIIBIT 2RO B
L% Fig.6.4 [IRT. COBRERLPLLPB LI, 20D 2 F— ADOKERBEIT BER
EAVNIVIESERZVBEITHIELTWS. 2B, JO, MEEIEIVNSVIES0E
BREE 8T A — & DEIE, 0.037410, XURESKEWIHEDOEBREE/ (T X — & Dl
0.24114 T Y, HEW L ERORER I 4.1113 L 42 5,

BEBEDR I L 2 7 — ADFEERMBE L ERIRENNT A — 7 B LURERL
DL RAMEERELTRINT 225, 29 LTRE LZ-METIE, HHREMI LT H
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6.4 BAEEATIC & AR UM ORI

1 T T T T T T T T T Y T T

Ces = Czs(B- EB-hS) -
Ces = Ces(Bs Ey shZ)

Ces = Ces(B- El-hl)

p]
b=

Coupling intensity parameter Ces

Steady magnetic field B, [T]

Fig. 6.2 Various case to keep Ce; = C2 and I = I°

Fig. 6.3 Schematic diagram of a plate placed in electromagnetic field

5720, FEICE L TIRORERDENT 5. 070, ERICEEIZENINT 5 L8RS
b, MEICE LTS BUENH L. 22T, e LAMEICBY 2 FROBEAE
BT *HWT,
t
B, =5.5x 10 2exp (—14.2 x ’f) 1] (6.16)

L HAEAL L 2R BIREE Z AUCETINY .
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6.4 BAERATIC X AR YHOEE

Table 6.1 Magnetic field, material property and thickness of the reference problem

| CaseI| Casell |

Magnetic field B;[T] 0.2 | 0.5
Young’s modulus E{Pa] 1.1 x 10"
Density plkg/m°] 8.912 x 10°
Electric conductivity x[S/m)] 5.81 x 107
Thickness h[mm] 3.175
Coupling intensity parameter C?, 0.037410 | 0.24114
Ratio of time constants of eddy current and structure I° 4.1113

0.010

0.005

0.000

Deflection {m]

-0.005

-0.010 | Small magnetic damping (Case 1)
' R L Large magnetic damping (Case )
‘\I
-0.015 — N
0.00 0.10 0.20 0.30

Time [sec]

Fig. 6.4 Deflection of the plate (B, = 0.2[T] and 0.5[T))

6.4.2 FRATIER

WETHINT A-FDHMAETELT, (B,E, p), (B,E, k), (B,E,h), (B,p,k), (B,p, h),
(B, &, h),(E, p, ), (B, p,h), (B, K, h), (p,6,h) D10 T —AHE R HNB A, EEEORF
Tid, HEERERBL T #5% B & WE h OBREFTKEVWI LG, (B,E,h),
(B,p,h), (B,k,h) ® B & h 28T 3 DOMA LT, BRRFETE/ 5 A—2 L LTD

FUMEERFET S, T/, SRODERZROBERCD, FOHMEYEE LT, MRER
*52TB&hREHRETA.
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6.4 FOAEFEATIC & B2 YMOREE

Table 6.2 Analytical conditions for specimens of C,; = 0.037410 and I = 4.11113
with different magnetic field, Young’s modulus and thickness (small magnetic

damping)
Young’s modulus E [GPa] | Magnetic field B [T] | Thickness & [mm] |
1.10 1.1378 x 1071 1.0040 x 10*
1.10 x 10} 1.5172 x 107! 5.6460
1.10 x 102 2.0233 x 107! 3.1750
1.10 x 108 2.6981 x 10! 1.7854
1.10 x 10* _ 3.5979 x 107! 1.0040
Reference case (E=1.10X10° [GPa])
- E=1.10 [GPa]
------------------ E=1.10X10' [GPa]
—————— E=1.10X10° [GPa]
0L ———- E=1.10X10: [GPa]
: — - — -~ E=1.10X10" [GPa]

Normalized Detlection

-1.0 PIERE R ) | L 1 MY I
0.0 1.0 2.0 3.0 4.0

Normalized Time

Fig. 6.5 Deflection of the plates of C.s = 0.037410 and I = 4.11113 with different
magnetic field, Young’s modulus and thickness (small magnetic damping)

(a) BB B, YUK E, I8 h 2T(LE L5154

Y 7 EE % 1.10~1.10 x 10*[GPa] @ 5 @Y IZFREL, 6.3.2 Hi TR/ HET, &
WREBEEINT A — % C,, = 0.037410, &) & MEROREEHEIL I = 4.1113 L %2 5HH; B
YIUE p OEOHMAE % Table 6.2 IIRT. Thb 57— A OWTHIBERMBT 21T
o TELNT, WOBEHKEMZ Fig6.s ([SRT. B, B EAROELEY, &
KA BREN CTHME L7z, BRI, WThoRE bIRSEEIFEE TR {—5L
TWh.
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6.4 BfEMATIC & A UMEDIRGE

Table 6.3 Analytical conditions for specimens of C,, = 0.24114 and I = 4.11113
with different magnetic field, Young’s modulus and thickness (large magnetic

damping)
| Young’s modulus E [GPa] | Magnetic field B [T] | Thickness h [mm] |
1.10 2.8117 x 1071 1.0040 x 10*
1.10 x 10} 3.7495 x 107! 5.6460
1.10 x 102 5.0000 x 107! 3.1750
1.10 x 10° 6.6676 x 107" 1.7854
1.10 x 10* 8.8914 x 107! 1.0040
Reference case (E=1.10X10‘ [GPa))
E=1.10 [GPa]
------------------ E=1.10X10' [GPa]
------ E=1.10X10" [GPa]
il — ——— E=1.10X10’ [GPa]
il — - —- - B=1.10X10* [GPa]

Normalized Detlection

" 1

0.0 1.0 20 3.0 4.0
Normalized Time

-1.0

Fig. 6.6 Deflection of the plates of C,, = 0.24114 and I = 4.11113 with different mag-
netic field, Young’s modulus and thickness (large magnetic damping)

FIREC, RERIBEATKRE WV Cp = 0.24114, I = 41113 ER DB L) Y VR E, B
B, #UE h DEOMAE %, Table 6.3 IIRT. BEXEHZFAVIN S VEFD Table 6.2 & BT
2L, X VFEE LRE h OEOHEEIFELTHSLZ EAbdrs. iU, FEkt
% 10 L35 (6.15) Rd b, BIHEOM S LEBRIAE h 2RO LNE P HLTHS. h
5 5 Ar— AT DWTHIN L TE S N-KO B HMZEN 2 Fig. 6.6\, Wihosr—
A SIRBIEEDS R — L TWAE Z L bhrb.

TOLIH, BB, YR E WE b RS ETY, ERHE T A —F 1300,
FEEY) L IRER OB I° ThUuL, F—ORKREREEEEO NS, 20
0, EEIREINT A—F C.y LWRERIL I OH THABERFEZMETE 2.
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6.4 BUERATIC & A2 UMORIE

Table 6.4 Analytical conditions for specimens of C,, = 0.037410 and I = 4.11113 with
different magnetic field, density and thickness (small magnetic damping)

| Density p [kg/m’] | Magnetic field B[T] | Thickness h [mm] |

8.912 x 10! 3.5979 x 10~2 1.0040

8.912 x 102 8.5320 x 102 1.7854

8.912 x 10° 2.0233 x 107! 3.1750

8.912 x 10* 4.7979 x 107! 5.6460
8.912 x 10° 1.1378 1.0040 x 10

Reference case (p=8.912X10° (kg/m’])

' ' p=8.912X10' [kg/m’]

----------------- p=8.912X10” [kg/m’]

----- p=8.912X10’ [kg/m’]

16 ———- p=8.912X10’ [kg/m’]

0.5

0.0

Normalized Deflection

-0.5

—-—-- p=8.912X10’ [kg/m]

e oy "

i1

-1.0 ;

0.0 1.0

2.0

Normalized Time

3.0 40

Fig. 6.7 Deflection of the plates of C,; = 0.037410 and I = 4.11113 with different
magnetic field, density and thickness (small magnetic damping)

(b) W% B, BE p, IRE h £F(LE L3458

TR p % 8.912 x 101 ~8.912 x 10%kg/m®] ® 5 WY IZFRE L, 6.3.2 Hi TR~ 7- ik
T, BB/ YT A—F C., = 0.037410, FEW L IEROREHIL T = 41113 £ %2 3
Wi B LAUE b DEOHAEE Table 6.4 IZRT. THE 5 F—RICOWTHBEE
BT AT %2 o TH O NI, RO BHRZENM % Fig6.7 \ORT. BATERIL, WiFhoms
bIRBIEEAFEFICE  —BL T,

IR, BESURIEDSKE V Cpp = 0.24114, T = 41113 7425 X ) T p, Bl B,
E h OEDAEE %, Table 6.5 IT7RY. b 5 7 —AIOWTEK L TE SO
HEWZENM % Fig. 681387, WD 7 — X bIRFHEFIE  — &KL TW 2.
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6.4 BAEMRITIC & B BYMEORGE

Table 6.5 Analytical conditions for specimens of C,, = 0.24114 and I = 4.11113 with
different magnetic field, density and thickness (large magnetic damping)

| Density p [kg/m’] | Magnetic field B [T] [ Thickness / [mm] |

8.912 x 101 8.8914 x 102 1.0040
8.912 x 10? 2.1085 x 107! 1.7854
8.912 x 103 5.0000 x 107! 3.1750
8.912 x 10* 1.1857 5.6460
8.912 x 10° 2.8117 1.0040 x 10!

Reference case (p=8.912X10" [kg/m’])
| —— p=8.912X10! [ke/m’]
........... p=8.912X10" [kg/m’]
---- p=8.912X10’ [kg/m’]
— —- p=8.912X10’ [kg/m’]
— - — p=8.912X10’ [kg/m’]

1.0

Normalized Detlection

_1 _0 I " N L L 1 " L i L i L L L 1 " .
0.0 1.0 2.0 3.0 4.0

Normailzed Time

Fig. 6.8 Deflection of the plates of Ce; = 0.24114 and I = 4.11113 with different mag-
netic field, density and thickness (large magnetic damping)
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6.4 FLEMATIC X AR Y HDIEE

Table 6.6 Analytical conditions for specimens of C,; = 0.037410 and I = 4.11113 with
different magnetic field, electoric conductivity and thickness (small magnetic

damping)
i.Electric conductivity & [S/m] | Magnetic field B [T] | Thickness h [mm)] [
5.814 x 10° 6.3981 3.1750 x 10!
5.814 x 108 1.1378 1.0040 x 10!
5.814 x 107 2.0233 x 10! 3.1750
5.814 x 108 3.5979 x 102 1.0040
5.814 x 10° 6.3981 x 1073 3.1750 x 1071
Reference case (k=5.814X10" [S/m])
. ———— k=5.814X10’ [S/m]
A x=5.814X10’ [S/m]
S e x=5.814X10’ [S/m]
1ol — ~— — - k=5.814X10° [S/m]
: — - —-- k=5.814X10’ [S/m]

Normalized Detlection

-1.0 O S e [ (S S P SRR | SR
0.0 1.0 2.0 3.0 4.0
Normalized Time

Fig. 6.9 Deflection of the plates of C,; = 0.037410 and I = 4.11113 with different
magnetic field, electric conductivity and thickness (small magnetic damping)

(c) RMis B, BEX «, IRE h £T(LE L35S

BB % 5.814 x 10°~5.814 x 10°[S/m] ® 5 WY ISFRE L, 6.3.2 HiTh~<7/-Hik
T, WREEE/NT A — % Ces = 0.037410, HEEW L iIREBIROBEEELIL [ = 41113 L %25
e B EHUE h ODEOHLEE % Table 6.6 II7RT. ZHbH 5 F—AZDOWTHREE
AT AT 7% o T Oz, O BHRWER % Fig6.9 ISR T, TR, wWihoms
bIEFEELIEE IR B LT3,

127



6.4 BUBERHTIC & 5 ZUHEDREE

Table 6.7 Analytical conditions for specimens of C,, = 0.24114 and I = 4.11113 with
different magnetic field, electric conductivity and thickness (large magnetic

damping)
| Electric conductivity & [S/m] [ Magnetic field B [T] [ Thickness A [mm] |
5.814 x 10° 1.5811 x 10! 3.1750 x 10!
5.814 x 108 2.8117 1.0040 x 10!
5.814 x 107 5.0000 x 107! 3.1750
5.814 x 108 8.8914 x 1072 1.0040
5.814 x 10° 1.5811 x 1072 3.1750 x 10~!
Reference case (k=5.814X10" [S/m]))
. | ——— %=5.814X10’ [S/m]
----------------- x=5.814X10° [$/m]
----- %=5.814X10’ [S/m]
10l — ——- ¥=5.814X10° [S/m]
| — - —-- k=5.814X10’ [S/m]

Normalized Detlection

FRGES " 1

-1.0 _ L o
0.0 1.0 2.0 3.0 4.0
-Normalized Time

Fig. 6.10 Deflection of the plates of C,; = 0.24114 and I = 4.11113 with different
magnetic field, electric conductivity and thickness (large magnetic damping)

FRRIC, RERIRFEATREV Cy = 0.24114, [ = 4.1113 L35 X 9 Rl o fiig B,
WE h DMEDH A%, Table 6.7 IZ7RT. THb 5 & —RTDWTIHT L TESL 74K
O B WM # Fig. 6.10IZ7R 3. WTFhoyr — A L IREEHITR - LTwa,
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6.4 BB & B R UMEDREE

6.4.3 ZUMEDIRE

HERHEE YT A — F ORTBERERHE/ ST A—5 L L TORYMELRIEST 5720,
B/ ST A~ BLUBEY LIREROBEREI—EL 2 A4 DEHTTH
fEfT 24T o7z, Z O, MEE$%, Y 7R E = 1.10~1.10 x 10°|GPa),
p =8.912 x 10'~8.912 x 10%kg/m°’], HE=X k = 5.814 x 10°~5.814 x 10°[S/m] DEiFH
TEAL S TRELRE L7225, ERESBMROMEIEEA, v > 73855 #5010 ~ £ 100
[GPa), BFEEAT £ 1000 [kg/m®], EBERAT 106 ~108[S/m] THAHI L ¥ EX 5L, MEE
BUTHL T, T+ 8B THRABEEIREEHE ST A — & L L TORYUHAREES 7.

HRRREI VT A — ¥ )T 0.03714 B X UF 0.24114 O, Fig 6.4\ 7R T RESBFEIREY & 72

), ENENLHEABEIVN S WIGE ERSREITRE WIS & U THET L7225, Eiid
BENT 2— %1% (6.4) ROEED S, 0.0~1.0 DHHEHTENIELT 5. 22T, #BHE
T A—F DIEH 0.5,0.75,0.99 & % ARIEZERE LBITT 5.

BINFRBEINT A — ¥ C,, % 0.5, Fdiy L MBERORERL I 2541113 & 2 5RE
iXE% Table 6.8 IZ/RT. 2T, Biffi TS ¥ 1AM ERORAKES X Uk/ME
PROWTEGEZRE L. COLMGTE SN -REARERSOMBITHER 2 Fig.6.11 (IR
T, BTRERIIRELETOr —APEEICE LR L TWD. [IERIC, EREE Y
T A% Ces H°0.75, HEY & BHORERUL T 4% 4.1113 & % ZEEE % Table
6.9 |2, Z DR OMARBFIRIICE % Fig6.12 [ORT. T2, EEEE/ T X—% C,, »°
0.99, HiEH) L INEROEERLL I 2%4.1113 & 2 AHEHREZ Table 6.10 |12, Z DD
BRBEEIRENCE T Fig.6.13 IS/RT. CNOHDOBMERLIETOTr —AIBWTRL —
HLTWA, ZOXIHI, EREE NS A— 7 PERSINLETOHBMICE VT, HEikiE
BEI8T A — ¥ OHSIREREEHE/ S5 A7 L LTORYEIMER SRS,
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6.4 BEFAATIC X B RUMEOIRGE

Table 6.8 Analytical conditions for specimens with different magnetic field, Young’s
modulus, density, electric conductivity and thickness (Ces = 0.5 and [ =

4.1113)

l | Young’s modulus E [GPa] | Magnetic field B [T] | Thickness h [mm] |
CASE1 | 1.10 3.9684 x 107! 1.0040 x 10!
CASE 2 | 1.10 x 104 1.2549 1.0040

] | Density p [kg/m”] | Magnetic field B [T] | Thickness h [mm] ]
CASE 3 | 8.912 x 10! 1.2549 x 107! 1.0040
CASE 4 | 8.912 x 10° 3.9684 1.0040 x 10!

1 | Electric conductivity & [S/m] | Magnetic field B [T] | Thickness h [mm] |
CASE 5 | 5.184 x 10° 2.2316 x 10! 3.175 x 10!

CASE 6 | 5.184 x 10° 2.2316 x 1072 3.175 x 1071

r

c CASE1| |
2 CASE 2

‘i; .................. CASE 3

O o . S CASE 4

° ———— CASES|
ks s = (CASES

[i+]

£

Q

=

o5 b
0.0 1.0 2.0 3.0 4.0

Normalized time

Fig. 6.11 Deflection of the plates with different magnetic field, Young’s modulus, den-
sity, electric conductivity and thickness (Cs = 0.5 and I = 4.1113)
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6.4 BUEREATIC & A B YMEDRRTE

Table 6.9 Analytical conditions for specimens with different magnetic field, Young's
modulus, density, electric conductivity and thickness (Ces = 0.75 and I =

4.1113)

| | Young’s modulus E [GPa] | Magnetic field B [T] | Thickness h [mm]J
CASE 1| 1.10 4.6855 x 10~ 1.0040 x 10!
CASE 2 | 1.10 x 10 1.4817 1.0040

| | Density p [kg/m’] | Magnetic field B [T] | Thickness h [mmu
CASE 3 | 8.912 x 10! 1.4817 x 107! 1.0040
CASE 4 | 8.912 x 10° 4.6855 1.0040 x 10!

| | Electric conductivity « [S/m] | Magnetic field B [T] | Thickness h [mm] ]
CASE 5 | 5.184 x 10° 2.6348 x 10! 3.175 x 10!
CASE 6 | 5.184 x 10° 2.6348 x 1072 3.175 x 10™1

CASE 1
CASE 2
------------------ CASE 3
—————— CASE 4
————- CASES5
—-—-—- CASE 6

Normalized deflection

-0.5 1 Ui L &
0.0 1.0 2.0 3.0 4.0

Normalized time

Fig. 6.12 Deflection of the plates with different magnetic field, Young’s modulus, den-
sity, electric conductivity and thickness (Ces = 0.75 and I = 4.1113)
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6.4 PRAEMATIC X BB MM DRREE

Table 6.10 Analytical conditions for specimens with different magnetic field, Young’s
modulus, density, electric conductivity and thickness (Ces = 0.99 and I =

4.1113)

] | Young’s modulus E [GPa] | Magnetic field B [T] | Thickness [mm)] |
CASE 1 | 1.10 5.0885 x 107! 1.0040 x 10!
CASE 2 | 1.10 x 104 1.6091 1.0040

| | Density p [kg/m” | Magnetic field B [T] | Thickness h [mm)] |
CASE 3 | 8.912 x 10! 1.6091 x 10! 1.0040
CASE 4 | 8.912 x 10° 5.0885 1.0040 x 10!

I | Electric conductivity & [S/m] | Magnetic field B [T] | Thickness A [mm] |
CASE 5 | 5.184 x 10° 2.8615 x 10! 3.175 x 10!

CASE 6 | 5.184 x 10° 2.8615 x 10~ 3.175 x 107!
c CASE1| |
S CASE 2
e 4 X | e CASE 3
s I\ |- CASE 4
° e GASE 8] ]
IS —-—-- CASE®6
@
£
[=}
=

-0.5 ; PR G (R - S S (S [N S S S
0.0 2.0 3.0 4.0

Normalized time

Fig. 6.13 Deflection of the plates with different magnetic field, Young’s modulus, den-
sity, electric conductivity and thickness (C.s = 0.99 and I = 4.1113)

132



6.5 EERIZ L BB YMDOREE

6.5 EERIC & BEUMDIRET
6.5.1 ZFEEBROBPE

EBREEBEOMBIN % Fig6.14\R Y. Fifi%y BL2fEE S /RS, &K 0.21[T) O
BERBALIENTELV VL /AFIANPIRERBINTE Y, RBR OB Z 5 R
TIRE) S ¥ 5. IREEEII L — —BRETTRET 525,  OREREIIERICIL, 225K
UL 2 BMERADVEINL D, 55 3 3.3 HiTR~ AL I, BEEEAIML 2k
DRENEIEE BT, ThEBRE L 4B, REBRR b5 5 FEFEIC, £ 130[mm)],
& 40[mm)], 7 F 7 10[mm)], HEiZ 0.3,0.5,0.8,1.0[mm] @ 4 FEHOFHTH Y, Zh
& DSAMOFELERIE Table 5.1 IIRTETH 5.

BTSRRI, (6.14) & (6.15) RETMRET 5 & I, B - M - IWEDE?
RKb7-H%, AEBREBOHM L, ChOoDELBEHICELSEAILAFTELRV. £ T,
REERTIE, B B LR h 28 L&Y, (6.14) ROAZFHET AL I B & h DfE
RERETH. T, ERIENT A—FF OO LT AL, 20 (6.14) REBNT,
Bl hiEROBIELTESLY, ST, Ho0LOBREDORERN 120 LT, Bl
AL S THBREZBT 2172\, Fig6.15 \RT X ) 2BEE L ERGRE /T X — ¥
DEMREZ 571270y b$5. ZDF T 7hb, C=C°, ki 55 B D% HA
Y, EBOEHEEEL.

6.5.2 EERER

Fig.6.15 & 1), SAREDORERF (T L CRERIEE/ ST X — 7 OfEDT, 1.03x 1073 L2 5
Wi % A o 7-kE %, Table 6.11 ISR T &GP ONI:. TOEHFDOD LT, EEIC X
D185 N-RSRERFE? Fig.6.161IR 7. ZiUd, BIRBERDEE» S ¥— 7 A4
WL, ThhbZBRIEHIC L5 ERS ERELLERTH S, 2B, ZOEREROK
i PR O BEAEH, BB THEEL TV, EBERIIVWThosr—2
bEL—FHLTWVAI Ebh5b.

RIS, SERRREE /ST A — & OfEAT 1.70 x 1072 & 72 B 54% Table 6.12, & DO
K[BFEEME R Fig6.17 \RT. F 7o, ENEERE/ YT X — 7 DOfEAT 2.23 x 1072 & B4
% Table 6.13, Z DRFOMABFEFFLEY Fig.6.18 II/RT. CHOHDBERLY, wWIFhogk
BIZBWT Y, HBHEENNT A=Y DEZ LI, BEBEFEIIEFICE L —~RLTWE,
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6.5 EERIZ X R YMDIRIE

Solenoid coil

—— 2
===—=——] aser deflection sensor

— =}
—Strain gage

D.C.power supply
NN VA
i O O &

Wheatstone bridge
D A/D converter -I_)-y‘nannc strain amp.
= mm R
=E| I -

Fig. 6.14 Experimental apparatus

x1 » y T . 3 54 L XIO-z

1 wmm Thickness = 0.3mm .
=t = .
8 i = Thickness = 0.5mm yel ® =223
Q 2.00 || ===~ Thickness = 0.8mm a i
g == === Thickness = 1.0mm C =170
Ay i
£ 1.00 1", =1.03
= -
a
NZ]
-]

0.50
5
=%
2
0
/ .. P4

0.05 0.10 0.20
Magnetic Field[T]

Fig. 6.15 Method to determine conditions to keep C., constant
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6.5 EERIZ X DR UMORREE

Table 6.11 Experimental conditions for specimens with different thickness for C., =

1.03 x 1072
| | Thickness[mm] | Magnetic Field[T] |
CASE 1 0.3 0.087
CASE 2 0.5 0.114
CASE 3 0.8 0.142
CASE 4 1.0 0.165
ﬂ 1.0 U T r y Y T T Y —
= OCASE 1
Q 0.9 — Least Square Fitting g
= @CASE?2
L 08 | ~==Least Square Fitting
A OCASE 3
'ﬁ 07 | — == Least Square Fitting
L ACASE 4
% 06 | —— Least Square Fitting
8
= 05t
Q I
< 0.3 ' S S !
0.0 5.0 10.0 15.0 20.0

Normalized Time

Fig. 6.16 Magnetic damping characteristics of different thickness specimens for C,, =
1.03 x 1072

6.5.3 ZLMORET

AEBRTIIEREB ORI L, #i% 0.0~0.21[T], #HWE% 0.3~1.0[mm] DFHTHE
L3R T, R/ YT X — ¥ ORKEEREFHD ST 2 — & L L TORLMREE
EBRET R o7 ZOWMR, Tho ORGP WEDEOHE T, SERIREE /T A — ¥ %
—5E & T A DR TH—OBABFEIRIFEI R O N, FHE/ ST A—F L LTORYMA
WBIE &Nz 7, ERGRE/ YT A — & OfEIL, 1.03 x 1072,1.70 x 1072,2.23 x 102 &
g L7728, AR/ YT XA — %13 0.0~1.0 DHPFATERES NS 720, X6 \CHEERE
%5 A—F WK E L HEFREE OBV ERER CRILER 1T % Y LELFH 5.

ARFEBRTIL, BUEFATIC X DARFEORMIES L Bk ), EHEREE/ (T 2 — ¥ —20)
LMD HTHERRE L, BEY L INEROBERILZ —F L Lad o755, F—0ORA,
REIREAFIEAME Oz KEITIE, BB NT A— 5 B UHEY L iRERoRs
BILONERLRERICOVTRN, Tz, REB—E&M0 B L & 2EIC W TR
5.
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6.6 SHAi/ s X —% & LTORYEORET

Table 6.12 Experimental conditions for specimens with different thickness for Ce, =

1.70 x 1072
l ” Thickness[mm] | Magnetic Field[T] l

CASE 5 0.3 0.112

CASE 6 0.5 0.146

CASE 7 0.8 0.180

CASE 8 1.0 0.210
C‘. ].0 i ! T
N OCASE 5
ﬁ 0.9 — Least Square Fitting i
é’ ! @ CASE 6
O 08 L === Least Square Fitting i
() [ICASE 7
,;:é 0.7 — == Least Square Fitting |
o ACASE 8
A 06 F — — Least Square Fitting ]
= 0.
g 4
= 05 F .
é 04 | .
o |
Z 03 . . .

0.0 5.0 10.0 15.0 20.0

Normalized Time

Fig. 6.17 Magnetic damping characteristics of different thickness specimens for C,, =
1.70 x 1072

6.6 FHll/XT X —%2 & L TOERYMEDIRE]

BHIRE/NT A—F C,, 1LERBEAEME o, = —7, + iw, THWT,

Re a
||

EEREN, 4, PBIEE, v, VABRBETHE P50, HREGBDHE C., =00, F
7z, ERFRRNE RO BEEREOER Co, = 1.0 L 25, Thbb, ZOERHH
B89 A— %13, BRFERE L TOROBABERE O ERNICH LD /IT A—
FThH5b.

¥ 7o, W L IRER ORERLL 1 1, BEMOBARM &, MERORBIRIS P EE
REHICHT AREENRROLLHObT. ZOREENIA YT 77 RAI2E 5T
HEL, ¥z, ThORTBRERSHAOHRTH 5. Fig.6.3 DRKBERIEIC SV
T, SRR % B, = 0.0[T] & L7HE0, SRR E T X ) FARICA 5
BROBEZEILE Fig6.19 ([ORT. FENCIE, 412525 Y AR ER L TR LI5S

C.. = (6.17)
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6.6 SEMM/ ST A— % & LTORYMDOMRE

Table 6.13 Experimental conditions for specimens with different thickness for Ces =

2.23 x 1072
| | Thickness[mm)] | Magnetic Field[T] |

CASE 9 0.3 0.127
CASE 10 0.5 0.171
CASE 11 0.8 0.210

o 1.0@ T

2 OCASE 9

8 0.9 ~— Least Square Fitting

= ®CASE 10

L 08 === Least Square Fitting

A DOCASE 11

'ﬁ 0.7 — - — Least Square Fitting

O

W

o 0.6

9

:ﬁ 0.5

g 04

)

Z.

=]
w

5.0 10.0 15.0 20.0
Normalized Time

o
(=}

Fig. 6.18 Magnetic damping characteristics of different thickness specimens for C., =
2.23 x 1072

DIERLRL TS, Tz, Fig.6.2012i, SNBEEES & B, = 05[T] & LBEDOF
WOBETEE L Zhdd U5 HEREENIC X ARBROBEZELEZRT. Tho DR
o, AVE 5 AL VEERSECERERENIC L VAL HMERICIEEND A
LTWwaZ Ldhhs, 0L ) IHEEY L IMBERORERLL T 13, Fig.6.19 *® Fig.6.20
WZRT X 9 %, ERORENIHN T A MERORMENE EEMIIH LD T/INT X—%
ThH5.

BAERATIC & 5, EBGRE /YT A — ¥ ORABERIFESIM/ N7 A -8 L LTOR
WA K MR AREIZIE, EREE ST A— 5 B X UEEY L RER OSSR 2 VT
SR 25E LT A8, EERTI, SRR/ NT A — ¥ —ELRMD AT H F—ORSIHE
PELNT F2T, BEB—E&HPLEE 2 HMEOEHZHETT 5. Fig6.14 12
TTEBRERICBWT, £ 4 EETRNRFEFRT HEE B TS o/, Elkgs <
5 X— ¥ ORI BAEM % Fig6.21 12, Tz, REBRLOEIL® Fig.6.22 12577,
Fig.6.21 1234 v ¥ 7 8 Y ADBHREER LG EDREEDIRLTEY, WEIKX
S BIHEN, A VT 78 Y ADHMRIZE VIKGFRIZEWDED 5 bRTL AT Ldbh
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6.6 FEMi/ ST A—% & LTORYMDRE

T T 2500
— 005k e Transient magnetic field
tc “.‘ —e—— Eddy current 42000
= ) —*—— Eddy current (without inductance effect) ]

O 0.04F\ ] oy
& : | =
g [ 1 1500 o

a 0.03 1 g

s 11000 ©
8 om ] oy

5 -

g ool 1500

i
& I

0 0.01 0.02 0.03 0.04 0.05

Time [sec]

Fig. 6.19 Eddy current response by transient magnetic field

0.8 — 200.
1 150.
0.4} {100 _
= : =
E ) 50. %
2 oo 0. §
3 ] o
< o 50, B
> g ez 13
04t e Velocity o= 1100, M
“‘ A '" ——o—— Eddy current ]
»-":I"f" J. —————— ~ Velocity (without inductance effect) 1-150.
1} —— Eddy current (without inductance effect) ]
000 005 010 0.15 0.20°%0
Time [sec]

Fig. 6.20 Eddy current response by electromotive force

5. ARIEEBCEAL S E7ANE ORI 0.3~1.0(mm] (RFEELL 116.3~10.58) TH Y, =
OBEOMREIRE/NT A — % DR, 1 V5 7 8 VAR ER L5600 L —3
T5. SO, BRI T A — 5 —EFHOHTH—OBRBEF SR O NS, &
b1z, EERIC L 1 EFGRE YT A — ¥ OSBRI/ ST A — % L LTORY
YR REEY 2701013, Fig6.22X ) 4 ¥ 2 5 ¥ ADMEAR T E v, AEAS 2.0[mm] BA
F (BRI 2.644 DAT) OHETRHEZ RET 2 LEVH 5.
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6.6 EHii ST 2 — % & L TORYMEORET

10°

e[ —e— B =0.039 [T]
— e B=0092[T] [
B=0.139[T] L
—+—B=0210[T] |

; S
e U0 \'Qb\
e

™
o
’ :

Without inductance effect | “‘\ KT

Coupling intensity parameter
/

»
108 N
02 04 060810 Lo

Thickness [mm)]

Fig. 6.21 Dependence of coupling intensity parameter on thickness

102 :-E:- s e e ) ] o s e By S o) SSNSRA Mk oy e o (o)
|
_______ _

10 ==s

Area b}&perirﬁént - ““\
RN RN
0.2 04 06 0.81.0 3.0 5.0 7.09.0

Thickness [mm]

of eddy current and structure

Ratio of time contstants

Fig. 6.22 Dependence of ratio of time constants of eddy current and structure on thick-
ness
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6.7 TLO

6.7 F&H

TR AR R L T,

o HENEFMEICEDE, ERFIROME L HODTINT A—F & LTES L7 EHE
JEXTG A= & R BEIREIF L OFFEM/ ST A — & L LTRE L.

o Bl YV HE - EER - WEOERZELEELZ LIC L) HEETRRE T
A—¥ BIUHEY L RBEROBERILZ, EEOEICRET S HELRL.

T2, EEGRE/ N T A — ¥ OBTBFEREFLIM NS A~ &L LTORYMRIET
5728,

o ERHE/NT X — 5 BLUHEY LIRERORNERILS—E L 2 24 OEHT
BUERAT 21T 2 vy, B — ORGSR 6 k.

o ERMEINT A— ¥ P L HEMTERLITEW, A—ORARFEEEIES
; 407

CHIL Y, ERGREE N T X — 5 B L UHEEY L REROREHL T, BRBEIRE T
ZAHMEiT A EATE S,
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5 7 B

EERIRE/INT X — 2 DEXETH L UMREE
EADICH

I'l'l

7.1 EU&IC

THhETIT, Lszlﬁlﬁfiﬁ#:%dmtﬁbj‘aaﬁﬁf\“? A= FIZ LY, SRR %:’xE
EMICHOLRELTEERL. ZZTR, TO/85 A~ ORE~DIARIE LT, &
FEEEREE/N T A — & & WM NEF VOEBREREB X UE SR HiEL B35,

MRLE R EOFRIERER ORI T, FONENETZITET 570, BiEY 32
L—3a v EFRRIS, MNET VERPLEANTRTHSL. L L, T LEMET
M, ERIRET WV L Fl—ORIUREIREZEE 2R 5 LA TESL L ) ISKFTT A LE
Db 5. HERFHREYOM/NE T VEBRDIEMRREITH LT, Yoshida 613, kTl L
TR BEIRE O AR 515 515 magnetic damping parameter % —5%EIZT 5
& HMARERBIDA S —Y Y TRIBR Y IO &R LAECD. 22T, ERGRE S
5 A—% B X UHEY LIRERORERILIC L), BRRERE A —FICRE A
ERFIR L, ShET VEROEHREEE R L, FOR S BERT L EBRIC X
WHREET A, T XY, ERIERE/NT A — & DN ET VEROEMREIILHTE
L& emt.

¥ 7, MRE IR L EOXKBIERED T, BMEFITICEZ K22 X b LERYLEE 25
7=%, ESMATIC L D ERETOSE 2R LTRUERT 2174 ) C LIdRETO L THYT
5. Takagi S, MERICL 2V 2 — VBHEEIVHERERIO AN F— 8k L&
ffiix LT critical magnetic viscous damping ratioc™? % E&EL, TD/XF A~ & -
B SEATHEERELTWAIRTY, & 2T, EEEAERPERGE/ NS 2 — & % F
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7.2 HBEEEEINT X — & OEINET VEBR~OIEH

W BSIEEEIREI OM BT A L LT, 1 HHEERET VI X ) AT ISR
EEZ 1R HEL, MABREDRE LRI O NIARBIILE % ERGREE/ ST X — ¥
W& ) RERBERE) & A5 HELR L, PIROBKBERDMET, €O UM %R
T5.

7.2 ERGHEE/NT X — 2 DR INET IVERERANDICH

7.2.1 HNETIVEBROFMHRESE

B6ETR/ LI, EREE/NT A—% C,, BXUHEEY L BEROBERIL T

T —EIRD L, BiE - MEER - RS2 B S THA—DBTRESFELZ185 2
ENTESL. 2 LABMERRBLT, ZEET N LR—ORKEESEL 45, firhT
TVOFEHEERET 5.

Fig 7.UIRT X ), BEET NV CTOERME/NNT A—% C,, BLUHEDLRE
MOBFERIL T 45, FREZFITRE 4 & 4.2 BITRRARFHROBNTHET, C,, =
COI=I° LRDLNTNWBET D, ZOR, SNET MICBIT BEETREINT A — ¥
 CO, BREULE I° L3570, ZOR/NETIVICBIT BEBEREE/ST XA—F &
BEMILORS B, ¥ V7 B, B p, $BE 5, BE h KD TH CAEND D,

HERIREE/ N T A — & ORFEEL, 4B 42 HITRAZ L) IS, fhET NV THREE
BT AT ) ZLIZX Y, BN ET VOB P, PP, X RKE D, ThERWT, &
BSRE/ T A— ¥ DL LT

Ces = Ces(B, E, p, K, h, Py, P, Fe) (7.1)

DEFRAI B LS. T, B#%éﬁmm’? PEIZEE 6 B 3.2 BTl <7z & 9 1iC,

v \/_ PE

b, o (1) RE (7.2) RL Y, MNET VOESGERE/ T A — 7 LEERIE, &
EEFNVERL,CS & 10 ET5720I213,

Cga = CES(B:E$ p: K‘: h‘) (73)

I’ = I(E, p,k,h) (7.4)

%iMET 5L I% B,E, p,k,h DEDHAEZRDMTI, T/, 25 LEOH L

i, 6 FE 3.2 HiTHR~2L DI, (7.3) Rk (7.4) RS, B,E, p,k, h DI HD 3 2Dl %

BEE L LTEIZNE, BIVD 2 DOMEIL, 202 20RXE R LI ) kOLNS.

IE, p, sy b, Py, Ps) (7.2)
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7.2 B/ NT A — & DRNET VEBRNDILH

Rcference model
\

I Reduced model ~N

‘y %R (Finite element analysi5)

(Finite element analysis ) l
l ( 528 )

[Coupling intensity parameter C:j

The ratio of time constant
of eddy current and structure rr ) B 1d.o.f. model

J Ces—CesBEpK‘hPsPePc

-5

| Determine the conditionB,E,p ,x, h

. J

Fig. 7.1 Method to determine conditions to keep C.; = C2, and I = I° on reduced
model

7.2.2 FUYEERRIC K B4%R
(a) BEATET I

FRATET V% Fig 72008 T. M/NET VIIRE S LARBO LA BHEE TV EF LT,
KEEE 10 50 1| & LEFROBIRERDMETH 5. BET VI3, EHES
B, = 0.5[T], ¥ ¥ 7% E = 1.10 x 102[GPa], T/ p = 8912 x 10%kg/m’), EEK
k = 5.814 x 107[S/m], #E h = 3.175[mm] & L, Z DREOEBGEEE N5 21— €0 id
0.24114, Hisisty & IMRHORFERUL I° 1 41118 ThB. HyNET IV TH, RIS
5 A= P CO, BEERIAT 10 LEHEEF NV EF LIRS XIS, BHRDFET, Ml
B, YV 7R E, WK p, BEE x, INE h 2RET 5.

%72, BOE LINET VT, K& S - REREOTIIC L ), PAROBER
HEET O L Rl B 720, SMEREBIRIE b RE LI ET VOB > TR S 2 8
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L 411
487

Fig. 7.2 Schematic digram of reduced plate in electromagnetic field

Table 7.1 Analytical conditions for specimens with different sizes (B, E, h)
| | Magnetic field [T] | Thickness [m] | Young’s modulus [Pa] l

CASE 1 1.0 0.6261 x 102 0.4697 x 10°
CASE 2 2.0 0.1565 x 102 0.1202 x 10!
CASE 3 3.0 0.6957 x 1073 0.3081 x 102
CASE 4 4.0 0.3913 x 103 0.3078 x 10'®
CASE 5 5.0 0.2505 x 10~3 0.1835 x 104

Hhb T REL-EFVOBERSE T 2T
t
_ -2 .
B, =55x10 exp( 14.2 x —T) [T) (7.5)

EBUEAL L 7R BRE &, SFARICETINS 5.

(b) BEMTHEER

FNET MTBNT, MEGHEE /ST X — 8 C, D% 0.24114, HiEY & IER OB EHLL
I54.1113 &% 5, B3 B, Y 7R E, B h OfEOHMAR & LT Table 7.11Z7R3{E
PEBO NI, S OB, W p LBER « I, BEETFVLFAL, p = 8912 x 10%kg/m?],
k = 5.814 x 107[S/m] T&H 5. T D Table 7.LIIRTHNET VOEGT, HREZRBT
ICE WiESN, WO HBMEM % Fig.7.3 IORT. %28, RE#ITEROBERYT, &
TR TEBAL L. TR, SNET VOVThOr — 2 b, HEEEF L0
REARERDERE L R —BELTVS.

Wilp B, B p, WE h 2 BLSETBEO, BEGRE/NT A—F C,, 77 0.24114,
SEBIE T A5 T =4.1113 &R BHNETVOZEM%. Table 7.2 I[ZRY. OB, ¥ v 7&K
E LHEER  3EEETVELRL, E = 1.10 x 10%[GPa), k = 5.814 x 107[S/m] T 2.
b 67— ADFNET VT, HIREZRBTIZ L N FONARD B HMER % Fig.7.4
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05 — —r

0.0

e CASE 1
=== CASE D
——- CASE3
—-— CASE 4
—— CASES .
== 1/1 scale (B, = 0.5[T])

Normalized deflection
)

0.0 0.5 1.0 1.5 2.0
Normalized time

Fig. 7.3 Deflections of the plates with different sizes (B, E, h)

Table 7.2 Analytical conditions for specimens with different sizes (B, p, h)
] " Magnetic field[T)] l thickness[m] ] Mass density[kg/m3] ]

CASE 1 0.5 0.29700 x 10~3 0.1057 x 10°
CASE 2 1.0 0.47150 x 1073 0.6711 x 10°
CASE 3 2.0 0.74840 x 1073 0.4261 x 10*
CASE 4 3.0 0.98070 x 1073 0.1256 x 10°
CASE 5 4.0 0.11880 x 103 0.2706 x 10°
CASE 6 5.0 0.13790 x 1073 0.4906 x 10°

IZRT. BRI, BN EFVOWTROr —AIB VT, FEET VOB RER
BEEEIERICR—HL TS,

Wiy B, BEFE k, WE h 2 ELSRTE0, EEEE ST A — 5 C, #°0.24114,
BRER [ A5 T = 4.1113 & % BH/NET VOSEM% Table 7.3 ISRT. SO, Y7
% E LEE p BEEETIVERL, E = 1.10 x 10*[GPa), p = 8.912 x 10%kg/m®] T
5. It 6 r—ADMNEF VT, AREZEFHTICL VBN RO BHBREN %
Fig.7.5 \ORT. BFERE, SAETVOVTROY —RITBWTh, HEEF VO
SREREHEREFEICRL—BELTWA, 20X )2, EEGREN T XA —-5 B LU
W L BEROBERLY —E L ThT, ZOKE S LEMRICF—oO/RSBEERE
HrRONS.

146



7.2 EHEREEINT 2 — ¥ DRNET IVEBR~DICH

1 —

0.0

—— CASE 1
............ CASE 2

---- CASE3

——- CASE4

—-— CASES i
—— CASE#6

e 1/1 scale (B, = 0.5 [T])

10.0

-1.0

Normalized deflection
=)

_1-5 . i " " 1 A
0.0 5.0

Normalized time

Fig. 7.4 Deflections of the plates with different sizes (B, p, h)

Table 7.3 Analytical conditions for specimens with different sizes (B, x, h)
| | Magnetic field [T] | Thickness [m] | Electrical conductivity [S/m] |

CASE 1 0.5 0.29700 x 1073 0.5339 x 10°
CASE 2 1.0 0.47150 x 1073 0.2119 x 10°
CASE 3 2.0 0.74840 x 1073 0.8410 x 10°
CASE 4 3.0 0.98070 x 1073 0.4897 x 10°
CASE 5 4.0 0.11880 x 103 0.3337 x 108
CASE 6 5.0 0.13790 x 1073 0.2478 x 10%

7.2.3 ZEERIC K BAREL
(a) SEBRSEF

EEREENE % Fig.7.6l18 7. At ZEEESINTFHBRA AV L 2 A F a4 vick
AEK 0.21[T) DEFHESHPICRESN TS, ZORBRTICHEN 25 2 TRy &
%, REERIE L —F-BMEICRET 57,  ORABRERRE I3 ESERIC
LARERSDEING D, 5% 3.3 HiTHR X ) IS, BB EEINL 2 VEROIES)
BRERWT, Shz2hET A, T2, BRBRAF I3 Fig7.7 WRT I I, WES Lige &
AR5 0.9,0.8,0.7,0.6 4 LISSARE [T 5. %8, SEARDOEIZ 0.3[mm], HalE
3 Table 5.1 IIRTETH 5.

ERIBEE/ ST A— 5 % CF, &M L MBEROWEEHILE I° L3 5701213, (7.3)
E(7A) REWMETH L%, B B, VR E, B p, 88X« T h Oflie R
LTS 6%, REREBEOHIM L, SO0l HBICEET 52 Lt
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0.5 - ¥ T

0.0

——— CASE 1
e (CASE 2
---- CASE3
——- CASE 4
—-— CASES
~——— CASE®6 i
------------ 1/1 scale (B,=0.5 [T])

Normalized deflection

1

=

o
¥

0.0 5.0 10.0
Normalized time

Fig. 7.5 Deflections of the plates with different sizes (B, &, h)

Vv, FITARERTRE, (73) ROAEMET A L) IEEZRET S, 72, EBE
BRGA—F% C0 L3 H1-0DICITER (7.3) RA%MHNTC, B,E,p,s,h DIEZX KD
ZLHTEBEY, TZTEHOLILOZY A XORERF 120t L THBEZRBT 21T 20,
Fig.7.8 \IRT X ) iy L EREENS A -y DR TROTBE, 2075700,
Ces = C% L2 BHY B OEZFARY , EEROFHEREL:. B, AFEBRTI, C
DfE% 1.00 x 1072,2.2272,3.97 x 1072 & L 7=

Solenoid coil

A ;
==—=——-o1] aser deflection sensor

D.C.power supply —Strain gage
i O O &

Wheatstone bridge

[j A/D converter :]?:y:namlc strain amp.
mm i

8 l

Fig. 7.6 Experimental apparatus
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120

108

117
96
104

R4
9

18

Scale factor Sf= 1.0 Scale factor Sf=0.9 Scale factor Sf=0.8 Scale factor Sf=0.7 Scale factor Sf=0.6

Fig. 7.7 Reduced test piece

Scale Factor = 0.6
- Scale Factor = 0.7
———- Scale Factor =0.8
H —-— Scale Factor =0.9
— —~ Scale Factor=1.0

oy
o
=

3.97

222

—1.00

6.65" T 010 | o.izo
Magnetic Field[T]

Fig. 7.8 Method to determine conditions to keep C¢; constant in reduced model

Coupling Intensity Parameter{x10~]
8
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Table 7.4 Experimental conditions for specimens with different size (C,s = 1.00 x 1072)
| | Scale Factor | Magnetic Field[T] |

CASE 1 0.6 0.142
CASE 2 0.7 0.121
CASE 3 0.8 0.106
CASE 4 0.9 0.094
CASE 5 1.0 0.085

—
(=]

OCASE 1

o
K=
g 0.9 Least Square Fitting |
é ®CASE2
O 08 } === Least Square Fitting |
A [JCASE 3
,ﬁ 07 — - — Least Square Fitting |
o ACASE4
aW 06 L —~— Least Square Fitting |
'8 ) OCASES
N 05 Least Square Fitting |
= 0.
E 04 |
(=)
Z 03 L~ ' — —i
0.0 50 10.0 15.0 20.0
Normalized Time
Fig. 7.9 Magnetic damping characteristics of different size specimens for C., = 1.00 x
10~2
(b) =EERIER

EFNENORE SO LT, ERME/ VT A - FH71.00 x 1072 L2 2R%E B
DfE#% Table 7T4IIRT. T72, CORGTCERET 2 > THEONIRDO Y — 27 BT
% Fig. 7.9/ 7. FRNE, ReRENI U TSR OES BRI <, 260120 U CHIIZAL
THEILL TV 5. Fig7.90WTNOBES, ERIZE VE L WA TR ¢
—HLTW5D,

BRESOREBRF I LT, ERMBEE/NT A— 72,22 x 1072 & 258 B Off
% Table 7.512, F72, COFKETOERTRHELNA Y- 2% Fig. 7.10157RY. [k
12, BRE SORERF I UTHEBIEEE YT A—F 553,97 x 102 £ 25808 B OfE%
Table 7.612, ZDFMHT TOEBIERE Fig. 711IIRT. ThODERER LY, ¢, ¢
—E & B4 DRFT TRREAT 2 o TR ONIRIRBIE, & C., DIET kI,
FEBFOREEPRZoTOWTHFHFEIIRL—HEHLTWAZ bR s.
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Table 7.5 Experimental cqnditions for specimens with different size (C,y = 2.22 X 1072%)

I ” Scale Factor | Magnetic Field|T) |

Normalized Time

CASE 6 0.6 0.210
CASE 7 0.7 0.180
CASE 8 0.8 0.157
CASE 9 0.9 0.139
CASE 10 1.0 0.126
1.0 ’ I 4 L * H =
g OCASE6
8 0.9 —— Least Square Fitting |
= @®CASE7 *
L 0.8 = ==—Least Square Fitting .
A CICASE 8 1
-ﬁ 0.7 — == Least Square Fitting |
o ACASE9
A 0.6 —— Least Square Fitting ]
9 OCASE 10
:g 0.5 ~-e Least Square Fitting |
E 04 4
o !
7. 03 : — — —_—
0.0 5.0 10.0 15.0 20.0

Fig. 7.10 Magnetic damping characteristics of different size specimens for C,, = 2.22 x

1072

7.2.4 ZUMEORET

BAEMAAT L EERIC L D, BREE T A—- 7 BLUHEY L REROBEEL* —E
LA L N ETMCBWTHEEET )N ER—OREREBRMIBONE = L iR
L7z, SIS Y, SNET VEBRERATER HBRITIE, BEGRE/ YT X — 5 B X UREHI
MWEBREFNEFUMEIZES LI, SNEFVERETTAZENEETH LI LD

»5.

DL, EEEE/ T A—F B L UTEEY & MERORERILIC L Y BABEERE
B R EENICEHET A 2 LATTE, 77, ThO DR - MOESER - IEICH B4k
RO ER, FEOERGRE/ VT 2 — 5 LRSI L & 5 MEOLARE B,
PR T ICRRE S N AR EIRE & U A E ORGHICAEI L 2 5.
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Table 7.6 Experimental conditions for specimens with different size (C., = 3.97 x 1072)
| Scale Factor | Magnetic Field[T] |

Fig. 7.11

CASE 11 0.8 0.210
CASE 12 0.9 0.187
CASE 13 1.0 0.168
1.0 y T =
8 OCASE 11
8 0.9 —— Least Square Fitting ]
lﬂ-_)‘ ®CASE 12
"0._)' 0.8 ——~— Least Square Fitting i
= CJCASE 13
— == Least Square Fitting i
0.7
:
0.6 |
g
= 0.5 _
=
E 04 _
o
Z 0.3 — . L
0.0 50 10.0 15.0
Normalized Time

20.0

Magnetic damping characteristics of different size specimens for C,; = 3.97 x

1072
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7.3 ERGRE/NT X — 2 & B -SSR

7.3.1 [EEETAEDRE

b 5 FEREOTRIH U THREEBITIC & o CHREAED 2\ ILERHRE S5 A—
5 DMEHRE -T2 &, B - WRER - WEAZL L7z & 2D b DEOEI,
B4 BETRSIEFEPORDEI LN TEL. #0710, TROHDMEE D L2, HRE
R 2 VT ICRESUESEHRBIID S 455 TE C & 2 MBI H AR S g, 20%E
REER. 2T, 1 BHEGERET )V & EREAE % BV 755845755 (Method
1) B UHTBENR e ZRBETIE O N - BRERATRS R L BRI/ A— 4 %
W7 B Ak (Method 2) #3—EL, 2OEBAMERIET 5.

(a) 1 BEEERETIVERWESER (Method 1)
1 HHEERET T VOEFHHRERIL, B0 v LBRETF Y VvV T 2REERE LT,
mii + ku + C,T = f° (7.6)

Thb, 2T, mk CT, fo 1 TEE, B, BHS, IMFEZRT. £/, 1 BHEESRK
T NVORBRON,
UT + C.i + RT = B** (7

Thb. ZIZCUCau,RBERAVT I8 VR, FEREN, VYRS A, HEREEE)
Bz Y. (7.6),(7.7) XD 1 BHEEEET MBI 2N O—IRIL, mEROE
]ﬁ[ﬁﬁﬁ% x, %%%mg&@ﬁﬁ% Qg, O3 t l—’) ﬁﬁ}%ﬁ DI:DE!D:’;%}EH")—C:

u = Dje** + Dje™* + Dje® (7.8)
t 7;: PJ 4 :.ﬂp‘:, Qg, A3 = Y, + 'i&)c %{tl?% t,
u = Die™ + " { D, cos(wet) + Dj sin(w,t)} (7.9)

FIRAZENL o % 5 2 BRESUREIRBIHIRE B T, B ¢ = 0 1B 5 F0HI4 ka8,

u(0) =uy, ¢(0)=0, T(0)=0 (7.10)

LBIw, Thb % (1.9 RB LU (1.7) RIRAT B &,
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Dy = Aug (7.12)
Up
D3 = —w_'c (1 — (1 — ) A) (7-13)

y ucs ol O
wi + af - 2017,
of — 2047, + 72 + w?

PHROND. 0 (7.11)~(7.13) R OERE A oy, as, s 1, EHREREZER

(7.14)

k

-K 0 o0 i 0 K 0 u 0
0 M 0 v+ |K 0 C,|{v}={ Fe= (7.15)
0 o0 -Ul|T 0 -C, -R||T —Be=

YEHRERTTAILICLoTRD LN, 8612, B - WEER - B 2L EET
b, B4 E 42 HITRRLAKFEROBITHET, EREREEOZELE RDD Z LITTE
B, F7, wo 1RO BREFAIREETH 5.

ZD & DI, I wo 25 2 AHABFIRIICE 1L, EREHE o, 0,03 LFK
O BREAAIREI wo % (7.11)~(7.13) RITARAAL, 612, Thb % (7.9) RIAAAT
A UL, FREREICL 5 E-FAERET L bT ICHABERBICEFEONS.

(b) FEERREFITFER CIERGARE/ YT X — 4 & AW /BB /& (Method 2)

sy L REROABRERR 2 HAG DS ERRAARERER M BE LB LT,
HEREN 2 ZR L 2T TR, BERBTOATRLONER» S BRI ZEEL,
ENEEEFATION LT P vE LTH TR, SOy, Y L iRER v
AR S EHFTE L7, FIERAFKIBICEAS TS, Z2TIE, 29 LTELRE
FREN 2 ZR L 2 VIRERTRIR Y, BRI YT A - F IC L > TBIEL, RERE
REYLE & § L EBHENTHELBRS.
— i DIRBIIE,
mii 4 i+ ku =0 (7.16)

BT, TN Uy 25 2 RO, c =0 DEHIEFHICBWT,

ug = Uy cos (wot) (7.17)
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/
;
!
/ 3
! }
: i
v []
4
f s
; \
LI,
;
/
i

Time

4————« ug = UO cos(\{%)

‘..““/

Deflection

Fig. 7.12 Method to obtain the response of magnetic damping vibration by results with-

out electromotive force

il il I
k

Wy = .
m

(7.18)

Ehb. TIT, w (RO BREAAIREET, FOMEIMTHICKD L Z LHBTE

5. T BEREE,
ug = Uy exp (—ﬁt) cos ( w — (ﬁ)zt)

LB, BEN ¢ = ﬁ YAVD L,

ug = Upexp (—C\/gt) Ccos (Ldg\/l - C2t)

LETELTES.
WEEL ¢ X
C=£, ce = 2Vmk

c

LEZRINSD, BEME o ZHAVS L,

LEF T LATE, —F, BRHRE T A— § SRR o, AT,

Re a,

Cea =
||

155

(7.19)

(7.20)

(7.21)

(7.22)

(7.23)



7.3 EEGHE/NT X — ¥ W5

i d —=T10
__Bi——/ *
3.175 ——
I 411
487
Young’s modulus :1.01 x 10%[GPa)
Density :8.912 x 103[kg/m’]

Electric conductivity :5.814 x 107[S/m]

Fig. 7.13 Cantilever beam with initial deflection in magnetic field

LEFZRINLI LN,
Cartrl, (7.24)

LIRET 5. AIREFRFITT, BEEEN E2BETIE L N7z Fig.7.12 R TIRENG
W, (117) NTEENS LIRET 5 &, BARFERICEE, (7.20) XB LU (7.24) K

*HAWT,
u, = Up exp (—Ceswit) cos (wg\fl — Cgst) (7.25)
LEFENTED, (T07) Rk (7.25) R KBS B &, (7.17) ROBE#E#E

15, BT exp (—Cunwot) EF1UE, (7.25) RE k5. Thbb, RERES ¥ EEET
8 B M- RBIEE O, BRI % ——1—; WL, ZH% exp (—Copwnt) 7B E 1L o

, AR RIS 85 & LA TR D,

7.3.2 fRITER

Fig.7.131Z78 %, —HREBES P ICE I - FARDHESURFEIRBIFNE T, MBS EOR
LMRREET 5. 2, FARIC 10[mm] OWHIEA % 5-2 TIREY &8, T OLEEE L
Bif B, CX WV EEEEN#RAESEE. CORERENCI VEL-AER RS B,
AREEREFEE LT ERNZREL, SWAERICER T AR1ETH 5.

HIRERMT, 1 HEEERTT V2 WS AT 4 (Method 1), IBERBATR 2
CEBGRE /ST A— 8 & WIS ST (Method 2) TIRO NI, Bids B, % 0.2[T
DREDOIRD B HIRENL % Fig.7.14 2777, FEIZIE, Method 2 TR L 7-I5E TR
FURLTH 5. 2 DOMEETHEIZ L VFONERIS, AREZRITERLIEEIC
BL—HELTWAI Edbhs.

W B, = 0.5[T] &£ LT, BRBEL ML LB EOBITHERY Fig7.15 IZ7RT.
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0.015 — — T —————
Finite element analysls
Method 1 (Using 1 d.o.l. coupled modal)
----- Maethod 2 (Using C,, and uncoupled FEM result)
0010k  ~~°°° Uncoupled finite element analysls rasult
s -

0.005 |

Deflection [m]

0.000

-0.005 |

i
-0.010 " .t Lo \‘r e i IR S i W S TR 7 1 G S G (I’
0.00 0.10 0.20 0.30

Time [sec)

Fig. 7.14 Deflection of the plate by simplified analysis (B, = 0.2[T])

7o, Big % 0.7[T) & LT, S HICHRMEL M LIRS0 R T, Fig.7.16 IR T.
Fig.7.15128 VT, 2 oOESBR FEIC X 28R, FREZBITRREL B L
TBY, T/, BEBENFKEWV Fig.7.1612B8W T, | HHEMFEF V2BV
@A (Method 2) 12 & B45RIE, FREEBIERER R LTV,

7.3.3 MSHEMEDZIEDRE

1 BHEERTTIVEHWEEBBT TR, Wihor— 2108w T b A RREERIT
EREDPB—HLTWS. XAETIE, AREFZET NV EEMiL 1 BHEERET IV
& FATRICIR C 7230, EFIVALORESRORBEICKE (BES R 5. £, TITH,
SEMR /- b ADOBESREIRBIFE % AT L7225, AU W S0EBOE—F 2 &F oSt
LT, TNENDE—F THITISEEZ RD, ThOHZ R LHDEL I EIZL o THERA
BERHLE R RDD LB TELLEZ LN, 070, FHERBIEIIN LT @it
TRETH 5.

BABEDREEE L WBITER %, ER08E/ YT 2 — ¥ THEIE L CHRAEEES
R B HETHE, BERFEIKE (b ERENFKE (b ofeds, T, (7.24) KAS
WREINLEL holldTHA. BEWL C X (7.20) NOEHRIG 1 D LOfExXiRL T L
HTX BN, EPTEE/NT A—F 13 (7.23) ATERSINSLD 1 LLEDEZRRAL T LA
TERV, 00, BERBEIRE L ZBIHEST, BELLERGRE ST A —F A5
WL %Y, (7.24) RAHIALL % %2 5.
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0.015 [~ ————————————————————
Finite element analysls
Method 1 (Using 1 d.o.f. coupled model)
----- Methad 2 (Using C,, and uncoupled FEM result)
0010k -~ Ur:?oupled finite element analysis rasult 3
. \\ e ;N
\ TEY oo "
\
E 0005
| =y
o
B
2
& 0000}
-0.005 |
-0.010 " Pl L LV P T LN
0.00 0.10 0.20 0.30

Time [sec}]

Fig. 7.15 Deflection of the plate by simplified analysis (B, = 0.5[T])

0.015 —————— r -
[ Finite element analysls
Method 1 (Using 1 d.o.f. couplad model)
----- Method 2 (Using C,, and uncoupled FEM result)
0.010 %
ll
A
1
1
— \
E 0.005 | h
| =
=] 1
© 4
o
8 0.000
-0.005
-0.010 — L c 2
0.00 0.10 0.20 0.30

Time [sec]
Fig. 7.16 Deflection of the plate by simplified analysis (B, = 0.7[T)])

L2L, 202 20K, WERSBEMTE LTI+ 2BE2 o790, onb
DFETEITEITRV, ZORRP LRFTOH 2187 LT, WEOH 2 BEBNT 2177
HT it BENIEE AN THS. I, ERMENT A— ¥ BLUEEY L BE
ROBERL T, BABERFES—BICRIZ L FAALT, BEARTRE % &
Ne 200G A=Y TEBRLLT—F R—2%ERL, Tz Ay CRAHERED
BEERAIFEDZEIOND. COL )T, BEHENT A= (b L ILMREAE) i3,
RETOBRIC, A LG HECTIRHATE ARG A—YThH A,
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7.4 F&O
SRR/ ST A — 5 (5 \GEREATE) ORI~ E LT,

o ERGEEINT A — ¥ FHWMNET VOSRERERRL, FOEUME L HIE
BB IUERICL DRI L. CHUC LY, ERIRET LV L RI— ORI EIRE)
LR BRNET NVERRITR ) ENTE, TNIZESH B R IERES X 5.

o ENEAMEL | HHEERET ViAW - BABEIREOESBTAELRL, 7
FAZENL % 52 % AR T ORGSR REINIE T, Z OB IC L 2iaR EFRE
AR E LB TORR, MBI TR b KM, AREZEFTRR
&R —HL, BETTEDR LMD RGE S k.

o MAWELZERET IIHELNIAREINE 2 EREENT A — ¥ W, X E
IRENE & T HHEE R L, RN % 5 2 A A EREIMET, ZOHETH
LN L EREERITER LB L. 20BR, REBEIVDNSVEEA,
TOREIZL AREREHRMEEEERITIR R L

DX, EHAEINT A—F (HDHVIERERE) B L UHEY L iBERDORFER
B, BMEEEREF T EEMNICH 5 DT 20, 29 LIHE ZHA LR 4 ZI0HAN
WReE 5.
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