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Table 2.2 Definition of Variable (proposed mechanism)

Variable | Definition Variable Definition
a[m?] Area of cross section of cylinder b[1/Pa] Oil compressibility
x[m] Displacement of cylinder v[m3] Hydraulic cylinder content
q[m?/s] | Proportional constant p[Pa] Deferential pressure
i[m] Relative displacement from body | r[m3/s /Pa] | Deduction coefficient against oil
to spool pressure
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Table 3.1 Definition of variable (Active seismic isolator)

Variable | Definition Variable | Definition
z[m] Displacement of ground ¢1[N-s/m] | Damping coefficient from ground to
structure
xq[m] Relative displacement from ¢;[N-s/m] | Damping coefficient from ground to
structure m, to ground z cylinder rod
x,[m] Relative displacement from a[m?] Area of cross section of cylinder

cylinder rod m, to ground z

my[kg] | Mass of structure fIN] External force to structure m;
m,[kg] | Mass of cylinder and spool rod f11IN] Force to structure m; by link
ms[kg] | Mass of spool body f12IN] Force to spool body m3; by link

k4[N/m] | Displacement of ground

k;[N/m] | Mass of cylinder and spool rod

ml(jél + Z) = —k1x1 - C1x'1 + f + fll + ap Eq 3.1
m, (4, +7) = —Kyx, — X, —ap Eq.3.2

2T, plEMET 7 F axz—FNOLELADEHRBDOESE p=p, —pi[Pa)z"d. A7 —/L
MOMET 7 F 22— 2 FTHEEIZOWTIL Fig. 3.4 (TR

Fig. 3.4 Mechanism of spool pressure difference

F7z, VeZOBEMHE—ALMI0 L LTS, h=L/LET DL, LLFD Eq. 3.4
Z15%.

fir = hfp Eq.3.4
Eq. 3.4 OfR%EHAWT, Eq.3.112Eq.33 2 AT5 L, LIFDEqQ. 3.5 %155.



my(; +2) = —kyx; —cXy + f +hmg (5 +2) +ap Eq. 3.5
T2, V2L 5MEOBMRND, Eq. 3.510x3 = —hx, XA T 5 ELLTFD Eq. 3.6 %
5.
¥ (my + hPmg) + Z(my —hmz) = —kxy — %, + f +ap Eq. 3.6
AT =D BT 2 MO EER &I O EICHHI L, EOhFlESZq[m?/s]& T
HE, A=A AT LM, WET 7 F2z—ZITHAT HHITIZLLTO Eq. 3.7 O
EEYNAIAASH
q(hx; + x3) = a(X; — %) Eq. 3.7
Z I T, MOEEEMER A b[PaT], WEY ) X EEEVIMI L BE, WET S FaT—
ZRNDENBEAT HZ LIV ERf SN FE2ZETDH L, LLTDEq. 3.8 2155.

bV
q(hxy +xz) — 71’ = a(X; — x3) Eq.3.8

oI, WOWMALDENNENGE, WMARNRDT D, AT —VOEETNZX D
BIKTREAr[m3/Pa-s] &35 & Bq. 3.8 1ZLATD L HIZ72 5.

bV
q(hx1 + XZ) - 7}9 = a(x:l - XZ) + rp Eq 39

Eq 32, Eq 36, Eq 3.9 75)%9(1, X:l, Xy, .X:z, p%:{k-ﬁ?‘%,
AT NAEROREF XA T2b D% Eq.3.10 (27

Z, fEANE L TIRET DY

0 1 0 0 0
. kq C1 0 0 a
(ﬁq my; + h?my my + h?my my + h?mg, Ifiﬂl
M 0 0 0 1 0 Ny
X = k2 Cy a .2
X 0 0 -— —— - X
: m, m, m, p
p 2hq 2a 2q 2a 2r Eq. 3.10
bV bV bV bV bV
0 0
| my — hms 1 |
+ | my + h2mg;  my + h?mg |{/{}
0 0
-1 0
0 0

o, WIEMOMERNNEE ) + 220 e 32 &, HATENAIEQ3NI DL OICEAL

nos.
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(
kq c1 a
cos | _ 00 —%
otz [ my + h?mg my + h?mg my + h2m3] { :
| Eq.3.11

+[ ml_hm3+1 1 ]{Z}
my + h?ms my + h2mg) Uf

32. 3alL—LarEH

3.1 i Eq. 3.10, Eq.3.11 T/RLEZETAERAWT, #EHOEINEEEZH & LT,
T EE 7> O REEIEE & CORERE (BIREUSERME) v Iab—va & 7o
7o FTo, HEgRE U CHIERSRET Z B0 AL, W, EORTER SN Sy VT
REMEZAE LG EOET NV EEE, AROY I 2L — 3 V& To7-. Table3.2 1T
L2 l—var THWEEEZ T, 2L OEITEREEEZSEICRE L

Table 3.2 Value of parameter simulation (Active seismic isolation)

Parameters | Value Parameters | Value
my 260 kg h 2
m, 3 kg a 4.1x107* m?
m 7 kg b 7.14x10710 1/Pa
kq 4.1058x10* N/m %4 3.1x107° m3
ko 3.0170x10* N/m q 1.288x1072 m?/s
o) 5.98x10% N-s/m r 1.083x1072 m3/(Pa - s)
cy 1.00x10% N-s/m

Ny T RIRERAE LB T VORIWE & BORIE, Fig. 3.3 T L7t O, HEiEmH
DMk & e 2 L, MEEWEES FERICm, 2460 L7z, Fig. 3.5 (T8 RES & Rk
DHEZ T2 2 2 b—3a UEERZ7RT. Fig. 3.5 000, BETIHHEICLY Ry T
FRICK L TR — 27 OMBIDRFRETH D Z L 2R L. ZOMENOREICH 53y
VT RIROBEYICZ OMEEZ WD ZETRICE = 2 FIF 52 EAMIfFTE 5.
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Fig. 3.5 Simulation results. This graph shows frequency response of acceleration from the
ground to the structure. The red line indicates the passive base isolation and the blue
line indicates the proposed system.
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Motion table Controller Structure model

Fig. 3.6 Experimental apparatus. A part enclosed with blue line is the structure model, a part
enclosed with yellow line is the motion table, and a part enclosed with red line is the
controller composed by the spool and links. The structure model has an oil hydraulic

cylinder as an actuator, whose cylinder rod

3.4. RIIRBRFER

is connected to the spool.
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2 [,
Proposed system
@ 1 A
S
| MM A A A am
R V) AT
g - Y
<
-2
-3 L L L
0 1 2 3 4 5 6 7
Time [s]
Fig. 3.7 Step responses in experiments. Red line shows acceleration of the structure model when

step displacement is added to passive base isolation,

and the blue line shows that when

step displacement is added to the proposed system.
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Fig. 3.8 Time response in experiments (120 s). Green line shows sweep sine wave of the ground.
Red line shows absolute displacement of the structure model when the sweep sine wave

is input to the passive base isolation system, and blue line shows absolute displacement
when sweep sine wave is input to the proposed system.
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Fig. 3.9 Time response in experiments (60 s)
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Fig. 3.10  Frequency response with/without control in experiments. This graph shows frequency
response of absolute displacement from the ground to the structure. Red line shows the
passive base isolation case, and blue line shows the proposed system case.
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Black line shows the frequency response of the passive base isolation system, and the other lines
whose color change from blue to red show those of the proposed system with link ratio
h = 0.5,1.0, 1.5, 2.0. Fig. 3.11 and Fig. 3.12 show simulation and experimental results
respectively
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Fig. 3.14 Time response in experiments (n1=706 kg)
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Effectiveness of the mass ms. Lines whose color change from red to blue show the
frequency response of the proposed system with mass of spool m; = 6 kg, 4 kg, 2 kg,
and black line shows frequency response in case of mz = 0.
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Fig. 3.20  Comparison between the passive system and the proposed system. Compared to the
passive system (red line), the proposed system (blue dotted line) has better isolation
performance especially in high frequency range.
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Fig. 3.25  Time responses of the structure for impulse disturbance. Black line shows absolute
displacement of the structure model when impulse external force to the structure model
is input for the passive base isolation system, and red line shows the absolute
displacement when the same impulse external force is input for the proposed system.
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Fig. 3.26  Time responses of the structure for impulse disturbance. Black line shows absolute
displacement of the structure model when impulse external force is input to the passive
base isolation system, the other lines show the displacement when impulse external
force is input to the proposed system with various values of g and a.
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Table 4.1 Definition of variable (Active mass damper)

Variable Definition Variable Definition
z[m] Displacement of ground c1[N-s/m] | Damping coefficient 1
X1 [m] Relative displacement of ¢;[N's/m] | Damping coefficient 2
building
Xx,[m] Relative displacement of mass c3[N-s/m] | Damping coefficient 3
x3[m] Relative displacement of [;[m] Length of link 1
cylinder rod
X4[m] Relative displacement of spool [,[m] Length of link 2
my[kg] Mass of building fIN] External force
ms,[kg] Mass of counter weight facIN] Force by actuator
ms[kg] Mass of cylinder rod f11IN] Force from link 1
my[kg] Mass of spool fi2IN] Force from link 2
k{[N/m] Spring rate 1 fi3IN] Force from link 3
k,[N/m] Spring rate 2
k3[N/m] Spring rate 3

BRTHEBEOHRIENELZ Y I 2L — a VX VIS 5720, BEEEOET L
EATo Tz, BAERERND, EE XA TEb D% LT O Eq. 4.1~Eq. 410 12”7, =

DER,

my(X; +2) = —ky(xp — x1) — (X — %1) — k3(xz — x3) — c3(X; — X3) + fiz

ma (X5 + Z) = k3(xy — x3) + c3(Xy — %3) — fae

my(¥s +2) = fi3

Vo U OB, EBHEE—A 2 MCBELTELVEE,
FRENZ0 L LTy Ial—y g &iTorm.
my(¥; +2) = —kyxy — X + k(e —x) t (0 = X) + f + fac + fia

~ AEE LB L TNEWED

Eq. 4.1

Eq. 4.2

Eq. 43

Eq. 4.4

U y&ﬁé@tt%h = lz/llk‘éﬁé E, xl, xz, X4 &f‘ll’ ﬁz@%{‘j{;ﬁiﬁei%n%h Eq 45,
Eq. 4.6 DIETRDLHLZ LN TED.
Xg4 = (1 + h)xl - hxz

F7,

fih = fo(1 + h)x;
U MEMHER, ~A, AT —VCKIET N i1, fir fislZLATFD Eq. 47 &%

ZENTED.

Eq. 4.5

Eq. 4.6



futfe+fz=0 Eq. 4.7
Eq.45 &£ Eq. 4.7 Z Eq. 44 IZAAT 25 &, LITDEqQ. 48 2155,

mu{(1+ h)X, — h¥, + 2} = —fi1 — fia Eq. 4.8
Eq. 4.6 “EE L, Eq.4.8 Dfi, ~MUAT 25 ELLTFD Eq. 49 #15%.
—my{(1+h)?x; —h(1+h)x, + 1+ h)Z} = fy Eq. 4.9

[FERIC, Eq. 4.6 ZLEL, Eq. 4.8 Df,~RAT 5 ELLTD Eq. 4.10 23RO 2D Z &N TE
5.
my{h(1 + h)%; — h%x, + hZ} = f;, Eq. 4.10
Eq.4.9 # Eq. 4.1 IZRAT 2 LLLT D Eq. 4.11 3561 5.
{m; + m,(1 + h)?}x;, — myh(1 + h)x,
=—(ki+ky)xg +koxy — (1 + )% + % + f + fae Eq. 4.11
—{m; +m,(1+h)}2
[AERIZ Eq. 4.10 % Eq. 42 IZRAT 2 L LA D Eq. 4.12 35641 5.
—my4h(1 + h)x; + (m, + myh?)%,
=kyx; — (ky + k3)x, + ksxs + c3%; — (¢ + ¢3)Xy + c3%5 Eq. 4.12
— (m, —myh)z
WIZAT = VIPOET 7 F 22— ETOMEFTBRRENL TS, 77 Fax—2Dk
DT Zpy, FEHTDOIEIEp, & LIt &, ZOXEEpELLTD Eq. 413 DX 912K T
ZLENRTED.
P =Dz~ D1 Eq. 4.13
AT =)V SR T D MOEREREIX S OB EICHS L, HflEE%Zq[m?/s], HEY
U X OWNERSGRE O A alm?] & T 25 & AT — o b AT 20, WESY XA
T HHITIZLL T D Eq. 4.14 23550 2 H, JECxET b BEORE Zr[m3 /Pa-s] L35 &
Eq.4.15 %15 %.
q(hx; + x3) = a(X; — %) Eq. 4.14
MOERMEFEZb[Pa™], MET Y U AR Ev[m3 & L, HES Y XITMAFTAT DB
JENDZEALL, MPBERINTZZ L E2EET DL Eq. 4.15~Eq. 417 #15%.

Q=q(x3—x4)—1p Eq. 4.15
bv
Q=al¥ —*3)+—p Eq. 4.16
. bv |
q(x3—x4)—rp=a(x1—x3)+7p Eq. 4.17
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bv
q(x3—x4)—rp=a(x'1—x'3)+7p Eq. 4.18

VN L
q(—=(A+h)x; + hxy +x3) —rp = a(xl—x3)+7p Eq. 4.19

Eq.4.19 % Eq. 4.11, Eq. 43 IZfRAT 2 &L 2N ENLLT D Eq. 420, Eq. 421 © X 52T
ZLENTES.
fac = ap Eq. 4.20

= _(kl + kz)xl + k2X2 - (C1 + Cz)x:l + sz:z + f + ap Eq 4.21
—{m; +m,(1+ h)}z

m3(x3 + Z) = k3(X2 - X3) + C3(x:2 - X3) —ap Eq 4.22
Eq. 4.12, Eq. 420, Eq. 421 OEBHFEX L Eq. 4.18 OIEFFERXHLL T D Eq. 4.23 12
RIIREBHBRAEGL LN TE L. FHBEAZITIITEL, REHTRREZRT.

[X1] X171
y 0 0 0 1 0 0 0 1,
2 0 0 0 0 1 0 0
X3 x3
Sl 0 0 0 0 0 1 0 |i
1 0 -M7'k 0 -Mc 0 0 MLl x.l
20 |—2q(1+h) 2qh 29 —2a 2a  —2r | x'z
ST T w w O w T Ee. 423
[ p L p q. 4.
[ 0 0
| 0 o]
+| 0 0| ]
M- o]
"o ol

f:fib Eq 4231 Té%?fﬁl iTna ;/T?‘ D TH

m1 + M4(1 + h)z _m4h(1 + h) Cl + C2 _C2 0
M= —-muh(1+h) m, + m4 —Cz €2+ C3 _Csl
0 —C3 C3

ki+k, =k, 0 —{m;+m,(1+h)} 1 a
K=| —ky ky+ks —k3|,H=| —(m,—myh) 0 ,Lz[O]
O _k3 k3 —m3 0 _a
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42. 3aL—LavEk

4.1 FiCTRULIEET NV ERWT, Him)s o OALEEE D B BV O £ TORERHED &
Ral—YarETo. 2T, U ab— g VT ERIEREEE U 2 leh % 0.5, 1.0,
1.5, 20 AR L CTEHELOEZRT. oy I ab—2a T XA—2%, LFIORT &R
DThHDH. ZNHEEREDNRT A—ZTRWET 2 RBRIEE A TR E LT

Table 4.2 Value of parameters simulation (Active mass damper)

Parameters | Value Parameters | Value
my 260 kg c1 130 N-s/m
m, 50 kg Cy 88.0 N's/m
ms 7 kg C3 50.3 N's/m
my 5kg a 4.1x107* m?
k4 4.11x10* N/m v 3.1x107° m3
ko 3.87x10% N/m q 1.288x1072 m?/s
ks 3.15x10% N/m r 1.083x107° m3/(Pa - s)
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43. 2alb—Ya iR

FROFHICTUT 272y I 2 b— 3 URER % Fig. 4.2 1R d. £72, Fig. 4.2 1213 igst
GLLTY 7, MEBBEZN LIy U THIRRTOY I ab—va bRl RNy
7 iR THWEMIME & B Fig. 4.2 1R 7. E£72, EAAOEEICBW TR LA
\Z, Fig. 42 |27

V3alb—valfEREY, ETLET IV T4 T AL RERERND Z T, EH)
BN RAEND Z b5, U ZHAINSWIEET A PN EL 5T S. 2D
T DB T A= B EE Y52 L CHIRMEEE T TE D Z LR T & 1.

. . . . ! i
3 : //\
E 101~ o — "
5] 0 : : : : = - I
b
-20 : : ——
10
0
: : : : : : = Without control
B0 . ! TR h*0J5
£ A ——h*10
E‘-IOO- ....... ..... ........................................ — %15
£ : S —n*20
n“_lso_ ....... ..... .............................. NN O —— SO
200 ; i i ; |o
10

Frequency [Hz]
Fig. 4.2 Simulation results (Bode plot from ground to bulding)

4.4, REITREREE

RELHEEEZHELT 52 E N TE HERIEBE L VT, EBRICHREIEIET 2 H el
T 5. EBREOERILE DI A Fig. 4312, ZOfEA Table 43 12777, Fig. 4.3 12TH DK
Ry DSHIIE IZ AR U, IREN 2 DM CIHA T E VB 5. ZOIREI 2%, o
AR T A TE~ A DR OIS EE T 5. Sl E1T> T2 OIEEEEETH Y,

Z OIEEICITHERD O FIC—EEDOMMAHE STV D. RiFRs EORER, 4R
A L7eRITRDORETH 5.

37



Fig. 4.3 Experimental apparatus

Table 4.3 Value of parameters for simulation

Parameters | Value Parameters | Value
my 260 kg c 598 N's/m
m, 50 kg Cy 150 N-s/m
ms 7kg C3 250 N-s/m
my 5kg a 4.1x107* m?
kq 4.11x10* N/m v 3.1x1075 m3
ko 6.53x10% N/m q 1.288x1072 m?/s
ks 2.63x10% N/m r 1.083x107° m3/(Pa - s)

4.5. RIIKRBRIFER EMTHROLE

Fig. 4.2, Fig. 43 T/r L7oFEBILEC, RIFET—E, 60 FHIT0.5Hz 2D 5 Hz ICHERB T
BHAA =T A P AT DIREBREZIT o 72, Z OBEORER % el IEE O REL I
Bwmd. Filo, WEstRE LTV v 7, MEEEA A LIy o T HilHR CRIGED EER
AT 2B ONEE ORLFIGE bR Lz, 2 ORFZIBISE IIEE Y v Hhic k-
TT—7, UVxA FOIMEEEZREL, T—TNVONEEEZ AN, TV=A bONEEL
& LTROIEFERTH D, OB, EEFERICEEED ) A AR oinic/-» 5Hz &
Ty NATEEEE T DN RNRAT 4V H | Fig. 4.4 L Fig. 4.5 23 25 &, HAOME
FENBRENTHNDZ ENbnD. LrL, 40sfHETIERE<IEE L TRY, fHliENeS
TR,
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Fig. 4.4 Time response of experiment (Without control)
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Fig. 4.5 Time response of experiment (With control)

ZZC, Table43 EABEDETHH LY S 2 b—y g U EERBENOREH LA —FR
#RIX % Fig. 4.6 (Z-d. 77 70%, REUTHIEZ L, HHRITHES D, EHITER RN
L7eR— R, AT I 2 —va vk R —FRRTHD. /79750 Ia1—
Va UAER EEBRERN R S TS I ERNDOD. BT 1 Hz LU F OMEAE S TR0,
T, EBREEOT A R — Vo OBEN S ol Z ERNEINEE 2 NS, F,
AR 7 Ofif 8o T led, V7 g THOEENRRELS o722 & T, FRHEN
RLSIEED NS VB TIZ Y 7 R ESHRB LR 2722 BT bR D.
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4.6. REEY~DRBEMHEDERE

Frequency [Hz]

461 IREWE4ICLKDVZIaAL—Yay

ZIT, A A EREEM~CEAT O AMELLY I ab—a 2T ).

Compare simulation to experiment (Bode plots)
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DIRFTA=HFT VA M ALL RSN EE A=, AJiiX0.1~05 Hz £ THERE T
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Table 4.4 Value of parameters for simulation (Real building)

Parameters Value Parameters Value
Mass of building 6.0x10° kg Damping coefficient 1 1.06x10° N-s/m
Mass of counter weight | 3.0x10° kg Damping coefficient 2 1.11x10° N-s/m
Mass of cylinder rod | 100 kg Damping coefficient 3 8.89x102 N-s/m
Mass of spool 30 kg Volume of actuator 3.1x107° m?
1.16x10% N/m Compression ratio 4.1x107* m3

Spring rate 1

Spring rate 2

3.79x10° N/m

Coefficient of spool rod
displacement for the

velocity of a flowing fluid

1.288x1072 m?/s

Spring rate 3

7.90x10% N/m

Coefficient of pressure

difference

1.083x107° m3/(Pa - s)
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ZOEMETYIalb—ra I AR— N Z RO -G R % Fig. 4.7 (2”73, Fig. 4.7
LA AZEA Lo A LN E— 2 32 6 TWA Z ERbhns. -EL,
23dBIEETH Y, ERTOMB LIV CTE RN ERNDh o7z, AEIOEETITH v
A=A NOEENEMTH L TI5~20 %lEEXLE LR HZ by Iab—v 3T
AWTE RIS % e W ETIE a7 tiliRMiEZ R T 2 E N TE R o720, ZO5M T
amOBEXITHIZ L & LT,
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Fig. 4.7 Bode diagram of output displacemnet (real building)
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ZIT, EEEMICEAT O, ROHEXICH DL ANT VT 1 eb [N xRS s
L THRFEIT o7, AT 27 4 ELOWE % Table 4.5 12777
Table 4.5 Overview of Tokyo Opera City building

Name Value
Address 3-20-2 Nishi Shinjuku, Shinjuku, Tokyo
Scale 54 floors above ground, 4 below
Completed July 1996
Standard floor space 2,011.49 m?
Rate of effective building area 64 %
Floor space 1,287.35 m?
Standard floor load 300 kg/m?
Standard floor ceiling height 2.7m
4.6.2. RESFH

FEROEREIT 6.0x106 kg (2T L 3.0x10° kg &2 5 Z BRI 43%E 5. ZHHD
VA M I BBICRET DI EEMET S &, EERKMHTE 300 kgm?2 TH D Z L
DX EHERIT 11,0002 0N NE LD, 202 ELAMEILHEREREO 0L T T 2
EDPDERBEIXFREE VWA D.

463. TOF1IT—3DRE

T Fam—RIZONT, ZOMEREHRTERWEGES, TOEEITEELRWZH T
b, TI7Faxz—2ELTHMEVY X EZH 18I 2 KERET HEME LIz E D%
TEFE R % Table 4.6 (28 L7z, f48E )% 21 MPa & L7234 12D TC Table 4.7 IZ/R L7z,
EHH0V ) A HBRURIIR S ThHD.

Table 4.6 Overview of actuator 14 MPa

Name Value
Pressure supply 14 MPa
Output force / 1 cylinder 1.47 x10% kN
Cylinder bore diameter 500 mm
Cylinder rod diameter 250 mm
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Table 4.7  Overview of Actuator 21 MPa

Name Value
Pressure supply 21 MPa
Output force / 1 cylinder 1.47 x10% kN
Cylinder bore diameter 450 mm
Cylinder rod diameter 250 mm

464. P21 LL—EDEE

BNTT Fa AL —FE2EESEDL0OICHE LR DMOBICOVWTHRHNE2ITo7-. &
FEEPENT L E 725G, MEFRNOIEE~LHAMETE <Ry, EESE L
27D, TORMAERGBET 57207 Fa b L —22AEL TR, BRELRCIET
Fa L —ZNnbMHEENoMEHWTEBRLZFBI ST 5. ZOBRICHERT L MER ED
RERONEZT I ab— a3 VEITWD, EVZIERRERT ¥ o AL — X Zii#& T 5. Table
4.8 ~LEEFEFHHE OISl SN Zhicxt L 2 A2/ 2EEZ /R L. 7% =2 A
L—Z8E LTS NOK AL X a7 [121L0, B & a7 N THiUE 160 L (389 kg)
DHLDONHDHZ D, MGE1Z21MPa & LTH 12l AMELRD. THFa2 AL —FD
BRELARETH D Z ERNDMND.

Table 4.8 Required amount of oil

14 MPa 21 MPa
High pressure accumulator 25982 L 19,400 L
Low pressure accumulator (1 MPa) 19,487 L 14,550
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47 EER

ARFETIL, BB LB 2 A= T 7 7  7~ 2 Z 305U & B RV RE
HYIalb—railT, TOMREEZ R L. BIOCHEEANDSGZET, THabl—
ZHEMNDZENAMRETH Y, —ERFH THIVTERELIF 2 & ORJOFRENRAE LT
ELTHHRET A Z & AREE 72 5.

Val—varREORREITI L ERRIZN, SRIEYE L - EEBREEE CII IR
L7efERIIH/ N o7, ZOERE L TEXLNDZ L E LT, EBRERE ORI
NHF oD, FL, AT —/VOEEE, Vo7 EEOBBICE L CQXFIRNETH D,
o, EBREEORY 2 TEIK X2IZT 504 RL—LiL, @R EERICE— A v
R COBkR ERD B3H D Z & ZHE LT EFICHERE ST 70 2 Hilig 23 [l#5 - 5 i
Lo TS, ZOOIZE—A L M ERE < ZT 2EERHNCILHR O BEEN T 5.
ZONOMBEMRE L, WO TEREITO ZENSBNLELRD.

T2, ABNEv I a2l —varEEToY, EREEARRELTND. 5%IFE
BREATNY 2 b—ra r EORBZITONERDH L. T OMEITEWZ T TlidZze o
VAT AIZHIHANARETH DL LB X TVD.

FIRED ~OBEANI I T Z U A4 NOE R EOR THREEITE T2, &ETHZ
AR THD ERTIENTER., SRIIT IV T 4 T~ AX U NHICV AT AW R
EEMx5Z L THEREABBTHZENTELHDLEEZLND.
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BEE DANV—TFIT14THEDOIZTaL—a Y

51. 74 XY—79 T« FTHIRODETILIE

Fig. 5.0 X DEEE T b — 2 L— S LT Ga0oERTH 5. 7 L— 1 AJE
R ZIEE AT 200 5. U UL RICEIC & Fig. 5.1 O Wire 1 35>k b, 7 —
LIFLEFIT ) T ) U EBENCEN S E13E DT, Fig. 5.1 @ Wire 2 1351 2 EH 1,
T = NIENCENS . o) T T 5701 2 OEEBOKIE SN A Fig. 52 (IR L
Fig. 5.1 (X Wire 1 & Wire 23 ATV 75N LTIV X LBERSTNDZ L EZRLTND.
REEZEY NT2EERAT VI REERVEIICHEETILERDHD. VI OB E
TAT YV IR VREATE D THDOTIA Y —l3hE RN L o> TWVD. 7T—A4
ICRALCe8E% 90° MRS v 74 ny REBESZLIZRY VA Y3 hADiEng L
BLTHREEND.

Fig. 52 (35O ETIRESISN TVWDI AN =R LDEZ T ERL TS, WEEZ = b
0= AT HODT IV Fax—4, TI7Faxz—FEH#THA7—1L, NLT, b
BEFET DA N = AL THRINL TS, HIEOTLDD A=A LIEREO 7 L— %,
AT —=NEo - MR TORBRICEZBZ 5720 THDH. WETAT—LOHIERIFIZD
WO TWD, VI ERAT =), T Fax—FEFHIEHL TS, HEIZKD Himic
NNEZ DL, EkL 7 L—UBoBEEN ) ¥ —ay MUsESND. AT —L30
T E =L X AN LM RERD DG S, HEIC Ko T L—rE< ok
B HED N 2 RESED. AT =LAV TORPNEKRE SICL > TRAETHTRLF
bRELSRDLDT, AT = )THT DHIENPRETFTIUIRENVZE I L= T 25T 7
F 2T —ENEDENBHKT S, Fig. S3ICHRENTWHERTA—H 2T I a2l —7
VZH, EDORT A =X DEFK% Table 5.1 1237,
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Fig. 5.1 View showing a frame format of vibration suppression system applied the gantry crane

Earthquake

—

Fig. 5.2 View showing a frame format of vibration suppression system applied the gantry crane
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&)

Fig. 5.3 Parameters of spool and actuator

Table 5.1 Definition of variable (Wire driven active vibration suppression)

Variable Definition Variable Definition
z[m] Displacement of ground fIN] External force
x4 [m] Relative displacement of crane h[-] Link ratio of link
model
x,[m] Relative displacement of a[m?] Area of cross section of actuator

cylinder rod

m[kg] Mass of crane model b[1/Pa] Compression ratio of oil
m,[kg] Mass of cylinder rod v[m3] Volume of actuator
kq[N/m] Spring rate 1 q[m?/s] Coefficient of spool rod
displacement for velocity of
flowing fluid
k,[N/m] Spring rate 2 r[m3/(Pa-s)] | Coefficient of pressure
difference for velocity of
flowing fluid
¢1[N-s/m] | Damping coefficient 1 p[Pa] Deferential pressure of actuator

¢;[N-s/m] | Damping coefficient 2
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DL, TIFaxz—2 DT Ep[Pa], LMIDIEN Ep,[PallT DL, ZDETE
Zpl LTEQS1DEITEHETD.
P =p2—D1 Eq.5.1
ZITC, VU DWHEEEQS2ICThEERT HIET, AT = Efixgldx, B8 LV
FoTRTZENTE, Eq53IERTLIITKRDS.
h=1,/1, Eq.5.2

x3 = —hx; Eq.5.3
Eq. 52 BEWEq. 53 16, 7 L—rFETFANSME~DSIf, 1T Eq 54 TRTZENT
x5.
fac =ap Eq.54
Eq. 5.5 775 Bq. 5.7 3R EMEOEAR L 2 5 #E®) FRKNTH 528, Uo7 OEER L OW
M RE—A L MIO0 ERE LK EIT-> TV D.

my(Z+x1) = —kixg — k(g —xp) — 1% — ¢ (6 — X)) + f Eq.5.5

my(Z+45) = —ky(x, —x1) —c, (X, — %) +ap Eq.5.6

AT — VIR LT D OB RIL VT OB RICHEIT D, AT — L OB RITK
T HEREREDFIEEILgm? /S| CERIND., AT —NET IV Fax—XDES)DFER
DR NENDHE, MEOERE LT 5. ZIUIESEp & R EQM D BRI F L
TWAZLERTHLOTHL. WAIEHrIT 7 F 2 —2NOET) L ERBEOBRZ R
LTWS., AT =NAMBT 7 Fax—2IlRATLHMOMEZQL T 5. WMADIT MM
LEDHEQIIT T ATREND. T/ Fax—FNOEREREEAZV & L, MOEMLAZD &
T5ET I F a2z —ZTMAT HEEEQIL Eq. 5.7 TRIND.

bV
ax, = —q(hx; +x;) — 725 —7rp Eq.5.7

Eq.5.5 75 Eq. 5.7 £V FREoIRAESFEA Eq. 5.8 8T 5.
X =Ax + Bu Eq. 5.8
DX EY Eq. 59 75 Eq.5.12 £ 720, Eq.5.13 2455%.

x=0x x % X p)T Eq. 5.9

u=@G f)T Eq.5.10
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0 0 1 0 0
0 0 0 1 0
(k1 +k3) ks c1t+eC ¢
_ my my my my
A= k, k, ¢ c a Eq. 5.11
ms; m; m; m; m;
2q 2q 0 2a 2r
bv bv bv bv
0 0
o o]
1
B = |—1 — Eq. 5.12
my
.
0 0
z=Cx+Du Eq. 5.13

72721, Eq.5.13 IZHBIT BT TRITRTEY TH 5.
2= )7
[_(k1+k2) ﬁ _(C1+52) C2 0]

C =
mq mq my my

p=lo —|

1
my
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52. a2 lL—L 3 &l

ARETIE, ¥22b—arOANEtEE LT, HE, 40, BAhEWnD 3 2O5MEE
AWz, I 2 —3 g AATHWEE ST A —& OffElX Table 5.2 IR LT-.

Table 5.2 Parameters setting for wire driven active vibration suppression

Parameters | Value Parameters | Value
my 3.0x10° kg h l-
m, 1.0x103 kg a 7.07x1072 m?
kq 5.80x10° N/m B 6.8x1071% 1/Pa
ko 1.74x107 N/m % 3.53x1072 m3
o 2.63x10* N-s/m q 1.76x10"1 m? /s
C 2.63x10% N-s/m r 1.19x1078 m3/(Pa - s)

Fig. 54 137 MU —7 L—2 EHUEONEE DR — R#EX. Fig. 5.5 1% 1964 4F 6 A I12%8
AL BriEEORIEKX. Fig. 5.6 IZHEMEDO Y I 2L —va VB, A FY —27 L—
Y ONMBEERIH SN TND ZEND, RUAT LAOEANZ LY FEO U 2 7 1 38E S
%.

40 AR
— 20 A —=—=-Without control
g 0 .._.-9"—"§\~\\— With contorl
£ 20 S E—
(D _40 i~ ::
-60*- — s —— -
10 10 10
Frequency [Hz]
— Of ——l === Without control
3 A |
S, [ \ — With contorl
@ -100 \
s ] N —
(a S e e o e e i e e e
-200* S s —— -
10 10 10
Frequency [Hz]

Fig. 5.4 Bode diagram (Earthquake input)
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53. ¥IalL—L a3 vER

Fig. 5.7 127 L'— 2 @ E#~ 1,000 kN (100 kgH) Z T L7z Z & Z#48E L7 BEO AT %
RLZ. arTFEEN LA EZMEL WA, Fig 5.8 XA ML R, K&/
HRoDZENRTEND. a7 FaElfiEa 7 TFEROES THMLSEND R,
AR AT KON L > TRIBIZEB S AR L —Z OIF#IE L LEIN DL Z LIk
5.

x 10
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Fig. 5.7 Impact force input waveform.
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Fig. 5.91%, H> b U—27 L—2~EA 0.7 Hz THHE LTMATZEEEMELTEANF
DWETHY, LEICHND I ORKAEIL 68.56 KN (7 tonf) & L7z, ZD L &, EOEHK
0.7Hz (ZH > MU —7 L— 2 BROEARBETVME L 72> T 5. Fig. 5.10 [IZA ) 2%
J7BEOHIEH v, 72 LOMLEE O H 3R Z 7T, Fig. 5.10 2> Bl & O CIIANEE O fi
DL FICHfI CTE TV D Z &b nd.
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Fig. 5.9 Wind force input waveform
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Table 5.3 Parameters setting for wire driven active vibration suppression for rotation

Parameters | Value Parameters | Value
m 6.0x10° kg h 12 -
I 6.15x10% kg - m? a 7.07x1072 m?
ms 1.0x103 kg B 6.8x1071% 1/Pa
my 1.0x10% kg %4 3.53x1072 m3
k4 4.26x10° N/m q 1.76x10"1 m?/s
ko 4.26x10° N/m r 1.19x1078 m3/(Pa - s)
ks 1.74x107 N/m ly 10 m
ky 1.74x107 N/m I, 12m
o 9.05x10% N-s/m ls 9m
cy 9.05x10% N-s/m
c3 2.63x10° N-s/m
Cy 2.63x10° N-s/m
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Fig. 5.14 Bode diagram (Earthquake input translational motion around the center of gravity)
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Fig. 6.1 Displacement gauge (LTI-160L)

Table 6.1 Specification of Displacement gauge (LTI-160L)

Measurement stroke 160 mm
Output 0.99V
Primary 220 Q
Impedance
Secondary 20 Q
Phase angle 10.0 deg
Temperature coefficient 150 ppm/°C
o Voltage 5Vrms
Excitation
Frequency 5 kHz
Linearity +0.2%
Operating temperature range -20~125°C
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Fig. 6.2 Signal conditioner
(SA-DM-518A)

Table 6.2 Specification of Signal conditioner (SA-DM-518A)

Voltage 5Vrms
Frequency 1~5kHz
Excitation Crimp Sine wave
) ) Multi-channel
External triggering o
synchronization
Circuit Differential input
Sensor sensitivity 0.1~10 Vrms/FS
Input
o Synchronous
rectification system
Rectification
0~+5V lo MAX=5
Voltage output
mA
Output
4~20 mARL
Current output
MAX=550 Q
Responsiveness 0~200 Hz(+3 dB)
Linearity +0.01%LLF
Precision - +0.005%/°C(TYP)
Temperature-stability
+0.015%/°C (MAX)
. zero 15 revolution trimmer
Adjustment - -
span 15 revolution trimmer
Operating temperature range 0~50°C
AC90 V~AC138 V
AC100 V
50/60 Hz
Supply AC180~AC265 V
AC200 V
50/60 Hz
DC24 V DC22 V~DC28 V
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Fig. 6.3 Multi-function generator (33512B)
Table 6.3 Specification of Multi-function generator (33512B)

Sine wave
Frequency range 1 uHz~20 MHz
Frequency resolution 1 uHz
<100 kHz +0.10 dB
Amplitude flatness 100 kHz~5 MHz +0.15 dB
5~20 MHz +0.30 dB
<20 kHz <-70dBc
Harmonic distortion 207100 kHz <65 dBc
100 kHz~1 MHz <-50 dBc
1~20 MHz <-40dBc
THD 20~20 kHz <0.04%
Arbitrary waveform
Crimp wave 8sample~1Msample/channel
Sampling late 1usample/s~250Msample/s
Sampling resolution 1 p sample/s
Voltage resolution 16 bits
Rise/Fall time 0.35/bandwidth
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Fig. 6.4 Servo amplifier
(EA-PD4-A40-10)

Table 6.4 Specification of Servo amplifier (EA-PD4-A40-10)

Number of inputs 4
Input power source
+10 vDC
range
Input Impedance 50 kQ
o 1~20 times
Gain adjustment -
5~100 times
NULL 0~+20%
Frequency property -3 dB attenuation (700 Hz)
DITHER 100~400 Hz variable
AC100,110,200,220 V
Supply voltage
(+£10%) 50/60 Hz
Consumption voltage 20 VA

Outside supply voltage

+15 /(200 mA)

Ambient temperature

rating

0~50°C

Temperature drift

50 WV/PCLLTR

Mass

3kg

Servo valve driving

current

+15 mA (100 Q)

+40 mA (40 Q)

+100 mA (14 Q)

+150 mA (14 Q)

10V

Switchable
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Fig. 6.5 Servo valve (J076-104)

Table 6.5 Specification of Servo valve (J076-104)

Rated flow (Differential pressure of valve 7 MPa) 19 L/min
Supply pressure range 1.4~21 MPa
Capacity to resist pressure(supply) 31.5 MPa
capacity to resist pressure(barb) 21 MPa
hysteresis 3%under
Threshold 0.5%under
Rated current(coil resistance) 7.5 mA (206 Q)
Frequency response 180 Hz
Temperature change for null shift 40°C 2%under (56°C rise)
Temperature change for null shift(supply) 2%under (80~ 110%)
Temperature change for null shift(barb) 2%under (0~20%)
Internal leakage 2.3 L/minute under
Operating temperature limits -40~135°C
Operating oil temperature limits -30~120°C
Operating viscosity limits mm?/s
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Fig. 6.6 Oil hydraulic cylinder (FF-WE-1LA32AN150A0D)

Table 6.6 Specification of Oil hydraulic cylinder (FF-WE-1LA32AN150A0D)

Inside diameter 32 mm
Outside diameter 22.4 mm
Operating velocity limit 8~400 mm/s
Operating temperature limits -10~80°C
Nominal pressure 14 MPa
capacity to resist pressure 21 MPa

Vi
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Fig. 6.7 Hydraulic power unit 5.5 kW

Table 6.7 Specification of Hydraulic power unit (HS-5-5-50)
Output 5.5 kW

Pressure 21.0 kgf/lcm?

Number of revolutions | 1000 rpm
Flow 11 L/min

Vil
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Fig. 6.8 Potentiometer (LP-150FJ)

Table 6.8 Specification of Potentiometer (LP-150F))

Effective stroke 150£0.5 mm
Total resistance 5kQ
Total resistance allowable difference +20%
Independent linearity +0.3%
Applied voltage DC36 V LLTF/50°C
Output smoothness 0.1%LLF
Insulation resistance 100 MQ LA E/DC500 V
Withstand voltage AC500 V/minute
Temperature coefficient at zeroth order
of the resistance =400 pprvK

viii
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Fig. 6.9 Potentiometer transmitter (M2MS-5W-R/K/N)

Table 6.9 Specification of Potentiometer transmitter (M2MS-5W-R/K/N)

Output signal -5~5VDC
Electric supply source 24 VDC
Response time #9 25 ms
Standard precision +0.1%
Temperature coefficient +0.015%/°C
Power supply voltage change +0.1%
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