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A preliminary Study of Buckled Struts for Floor Vibration Mitigation
Student: Ki-Liang Lin Advisor: Dr. Yen-Po Wang

Dr. Chien-Liang Lee
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College of Engineering
National Chiao Tung University

ABSTRACT

The production quality of hi-tech industry is often adversely affected by floor
vibration problems. For the TET-LCD industry, in particular, with drastically
increased large-scale fabrication tools, most fabs consist of frame structures of large
spans, which leads to insufficient rigidity of the floor as a result. The motion/braking
of AGV systems cause further degradation of floor vibration problems. Despite
structural vibration control technology has become matured today, the existing seismic
dampers are not applicable to floor vibration with scale in micro-vibration levels.
Variable curvature stiffness device, or referred to as buckled strut, may dissipate
energy in a cyclic loading process due to its essence of geometric nonlinearity. Being
able to dissipate energy at extremely small deformations, the buckled strut therefore is
adopted for vibration control of delicate fabrication tools, and considered of high
potential in the application of floor vibration control. Moreover, the characteristic of
displacement-dependent elastic buckling stiffness of the buckled strut makes it
advantageous in the control of vibrations due to broadband disturbing resources. The
purpose of this study is to develop basic principles of the buckled struts and explore

their hysteretic behavior via a series of component tests. Experimental results indicate
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that the force-displacement relationship of buckled struts is in the form of ellipse,
similar to that of viscous fluid damper. The hysteretic loops are stable and rich,
indicating the buckled struts are qualified as dampers of excellent property. Based on
the test data and system identification techniques, empirical formula of the equivalent
elastic buckling stiffness of the buckled struts is derived for numerical prediction as

well as the basis for analysis of fab floor vibration control using the buckled struts.

Keywords: hi-tech industry, floor vibration control, buckled struts , hysteretic

loops, system identification techniques
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i PRl #aE x ti(Automatic Material Handling System ; AMHS) » #-1i{ #& % 1 &z

e 4~ 4 é:_;,:;zj 97\3; xR A 4 f%‘?‘ééﬁ;&l‘ﬁ:rﬂ"o

B GEABHAREBRORBRE HWLARR DL RL R
T blAeE R R

SRR CER S F SHGRE [1] F 0 52 AKRE G M4
ARAEREFFAADEREEZ EDLEF > blde ! 2 2 F 0B o F
(TFT-LCD) ¢hp ##38 & (Automated Guided vehicle ; AGV) ~ #uif #

i@ # (Rail Guided Vehicle ; RGV) %]2& iﬁwﬁﬁé’i’i‘ﬁ Lo e PR ORy

SZEAMS  REI R EPERY SAHFE S LRk R P
FEERAGTZH R EARN RS - §E T o gt b f s FIRT
ZAEHL - BRAKE FREBREEET N AEE > T R RS 2

gl

HeEd [2] -
FHEPTS 0 o B Y S ARAR B R I 0 B B BUE B F (7 75
A2 RS 2 LA PHRI B HOERRI . - £A T R

—_—



FHR L o X AR ERFEZESE A 2 EEOREN 2T 56
Pofrds i Bip] (4] fe & A BLASE 2 A 45 gk [5] #9720 L EHE
2R PR 0 S R AR M R 406 [6] 0 ldeit (T 2 4 AT A

e AR R S R RIS AR S FR e R e e E B o

ﬂl—u

Ariigap

N

BRER S ZMEFGEER T EFF T A B FIRS DAL H 8@
U A & E ofF B R @ﬂ%ﬁﬁ%ﬁ$’%?géﬁﬁﬁﬁ%ﬂ’ﬁﬁ%
FERPATAE L ch o AT AT ¥ R A 2 (variable curvature
stiffness device ) [7~16] & £ & & B33 % (buckled struts) Ji& * »* #45 B 4k
IV G o H2AREBHEFS LG BFY k> TR ABAR

ER R BTSN E 2 A H R S LR ST W



12¢$?ﬁ

¥ — B fhe 4 (axially loaded ) &= 4 % 2 @ 2 » #& Ay (buckling)

P AR BEALDGREE S 0 FIRADFE L ¢ R T Y A E T

H 45 B 2w > H 344 T B (storage stiffness) il i %t 0 E K e 25
el ARG 0 B ORE G SRR o 8F A i

f%ﬁmﬁ%o%a,;@éﬁgia%’%&&@ﬁi%%@ﬂigg

14 ] REAARMEPEERY L AL PR I T IFL AL

WA R R A R o WG MR ST B RP o

MBI EE e R BT

RGP ks (suspending constant load system ) 1 ¥ 3%
BT ool 342 L3 vk P41 > BV K TR DPEELTE L (IcR
11)» 515 b q Sebp P XD EE et PRy XL niTd > R F
LB ARF DB AR Tl AL AR G B KA R
b H X o Winterflood & 4 [7~11] = i¢ * s@{+ 3 By (elastic buckling) h

Buler f£1¢ 3 $ 3 R EE > R ELEREONL 00 £ - HF

+ & - 4T % (Euler spring vertical isolation stage ) (R 1.2) » 3% L %
d S x4 B 2 (clamped) 2 WP H B f AL HF o B VALE AR

% (Euler spring) » H ik 4 % A7 o 424 A B £ § B kil i gRoR S

Bt - B ERUEY PR AR P E kR R



Virgin & 4 [12) PI =z 94p3 T 70 & 3305 adaz # it 3 -
£ 24N i HL > B A A TR B 2 45 el (F13)
PURIRH I () RS o HEEET - AR 3mm 2 FH T 0 I HAE S

8% =¥ F 2 ¥ 53 % & (power spectral density, PSD) & - (Bl 1.4) »

M- % ez Winterflood & 4 [78) 247 5 B % > #1120 5 & R 5 AR
iTEHRB T > @ % Eulerspring ¥ -8 FAFHFH R0 Imd G 2Lz B -
ok e R E B (B 1.5) B84 0 R ¥ 4o Euler spring v & § 3 il
fo 2@ B FER FHRTEY ZERFEEIEERLE DGR
( simply-supported boundary condition) %3¢ » {a AR R iF 2 enF e 2

FARE A TG FEE - FAr P A g 4] (clamped ends) 73] 5% i

Plaut % ¢ [13]) £ Virgin & A 2 725 » #4155 =80 5 L4 5 T2
BRER S FFEFF RS LS (transmissibility, TR) 2. 1 & $¥c > ¢ 3£ %
L A P enfe £ (external and internal damping) ~ L& ¥ R~ AT

i\‘a‘ (supported weight ) % 412_4= 42 Ay & (initial curvature ) % o

Ji f= Hansen [14] RI#-H F R iF X 2 5 - BHE ¥ - FH 5 FHF

(sliding) 3] 5% » i & =4 %ﬁfd Al BEERS k] AR R R o (B 1.6)

A el B
"

% T bR I Bt B 7 ¢ > Bonello & 4 [15) Rl 7 p
AR H L B (An adaptive tuned vibration absorber, ATVA) (B 1.7) 2

& i & SRR Kb F(Piezo-actuators) & 4 iy i 45 A7 ke 2 2 7 S



& it (variable stiffness element ,curved beam ) & (TpF+ A & ATVA 2

TR IR R A2 RESIE S o 244 2 o FE mistuning =0f° 3 0 % F

ATVAF & #l e 5de B L A > FdRfba =7 &8 o

Zuo % % [16] RI& 3 P 95 R it REF L

(precision positioning ) 24 5 R E PR (7:2 L > FF T K- FFE

B BRI s > A Rt ATVA L8273 £ jaé 2

R RERIH 4R 7 T4 (feed forward) 22w 4% (feedback ) 2 43| B i o

SRR S L P S

iﬁ@%ﬁﬁ,
SR T Tt B R A A o d N Bl R B ) ) T g 3T

fer o Fp G IR 2 R il B R O SRR B
TRt T L ER T [N R PO S R R Ty

SHFFREEPT A 0 BEFS AFE o Fl o A B A

LEEEE ¥ S R S O LT B RS R R R

F AR



13 =73~

By (buckled struts) 2 F7 % 5 S & ~ & (variable curvature
stiffness device) - iT& k @B h e G * S o RIRA R BTk LR IR
2. F bl B % SR A R R o R Bi?/}%réll'éf—'«ﬁ‘iﬁ‘{% ’
TR BFY T ERAFE oD B1I4ER LS
“v > Buler spring % 7 if'av (7 & » £ A 7RI - R RTL S t1B485 2 B F
w BI(B 1.7)7 405 %M % 30mme & Ilmm> &4 5 5 2Hz> 4= tF 10mm>
HopliREie 2 M4 2 REM BB 2B R > B
SR T 5 (PR ) e

A2 FF 2w AT
. A3 R F22 2 FERE Ak d FLIE2 7 HEDR LR

B G EFAERREE RS S BRI 7R NEEG R

B4 PR Sl e

"~

2. B AKHEE- B FAEUR L gk SR ALl R &
B0 «flj%; AGE T HCE oA FT o

3. fU* Green EIL3: i 4 Ayl 4% 2 BF a0 m f oo

\\\?{r

Fed B B2



1.4 3

T 2PN R e
SR B LEEP A 2 g
Fl2o e X AT 2R

P2

SRS X RS 38
¥ %7

7ot
ERERE SR TSI s F W B 3 |

P L By i 45 2L A
B BN W 228
T

5=

10w HE RIS N T ER OB @45 (buckled struts) J& * 3R
=t

D OBTEEIHAE AR AR B T B AR S R

o 7 & AR S S A e
ELAUREE A S N & B R A iR
Zb3814 12 R (viscoelastic damper ) 2 H5[f]
Fr Ry AR 2 A 4T Tl Byad 4R 2o RE S % B M AR e BliT DY
R PRI A ko B g S B o B 23] R
v gk [17) & = ¥ Ajig 45 28 33 (monotonic ) FAl A 2T 2 F oangk By sE
B a0 MLIE Gk ML B B RAT IR R 2 A A
FZIRALFTHRAYEA N FERZLAITEE - B
WA FERTG R < ¥ R g 4R R
d 44 2 F

291‘5 ﬂ-\/gz[»;m
R o

g\x‘i

RADm 0 5

ARG et

P Wy de B R 7 2 & K’ (elastic storage stiffness )
B K" (loss stiffness ) % & % #& % i 47ie 4 34245 %1+ n (loss factor) o

—‘i«tu.
3 &

kv g

e

R
if M&iB i (stochastic adaptive filtering)
% fth Fe By i 45 2 F e Bl O g dic o

e
Fuahow] 22 1247 38 P1( Analytical Prediction ) & & F1| * B
1 [B] %

2 BE

EH o LR EHA

s ¥
7 =
~F

i

FREEG S PTES &



Transfer | |
Function

~
i ~ i i

Freqdency !
10 100 1k

B 1.1 - $xeni@ v S#ikc (transfer function) [7])

Suspension
points

The inverse
pendulum height

Lower spring
clamps

Bl 12 ~A3#EF L3 Bi&T 5 (Euler spring vertical isolation stage ) [7]



Bl 1.3 Virgin & A2 F%AEE R [12]

W*‘Wv

10 20 30 40 30
w(Hz)

B 1.4 Virgin A2 9%2%2 (1) [12])



1 1 1
0 0.5 1 15 2
time (s)

Bl 1.5 Virgin 42 95%%% (2) [12]

Py
’L P,— P, cos(wt)

1.6 - HHATE-B7 Fd 28T L EH [14])

B 1.7 pERaiEeeL E [15)

10



Hysteresis Loops:2HzS10mm(t1A490)

15

(463) 8240y

displacement (mm)

i 3 ]

2_ &

10mm

= ¥
W =

2Hz 3=

Y
"

A4 $907 5

S

t1B485

® 1.8
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$o % HREE A MIZHA A
2.1 7k B2 324G

d AT A B RRGES Z F)RF VT oo Bl 4% 20 B e BT
AR B R SRS G M WRE RS B2 o8 S8 u(t)
¢4 4 (loadeell) 2% 4 Siic > P(t) > A 8 & 7 40T ¢

u(t)=u,sinet - P(t)= PR sin(wt+3J) (2.1)
B Uy s Eet ARG P B AR 2 B IR T AR 2 b

F4,obiEd 4S5 54 % (phaselag) » 2 ¥ 577 ZFHF 0

ZATiE- HAECHES B2 B GAeT

P(t)=P,sin(wt +5)

=P, (sinwtcos S + cos wtsin§)

—uo{isina)tcosé+icosa)tsin5J (2.2)
uO uO

£ K'=50055 ’ K":&sin5 s BI5Y (2.2) FirB4eT ol
uO uO

P(t)=u,(K'sinwt + K"cos at)

= K’u(t)+ K"u, cos wt (2.3)

12



Z
=

g

d 74(2.3)

il

cosat = P(t)—Ku(t) (2.4)
K”uo

sin’ wt + cos* wt =1 (2.5)

Fd N (2.1)E 1 (2.4)F F

.:{%%)J{+(P(Oéqzu(0)z_1 (2.6)

EATE

1

P(t)= Ku(t) £ K"(u,? —0* (1)) 2 (2.7)

F(26) TEP-UuRET G FEFR S A2 o B AK (0) 5 ks 8
1% = & (elastic storage stiffness ) » K"(w) % 45 4 ® A& (loss stiffness) >

P 02k Rk Byl 4B 2 N e A2 48 Tl (loss factor) 77 0 ¥ A&

N Al N

n(w)= < () =tand(w) (2.8)

Bk A g B BRI G 0 TR RS ESE- BRR

W TR i L R e T

E, = [P(t)du=[""P(t)u(t)ct
:Iozﬁ/wuoza)cosa)t[K’(a))sina)t +K"(w)coset | dt
= 17U, K" () (2.9)

F AR AT 0 50 (2.]) FiE- B BAeT

13



u(t)=u,e* » P(t)= PR (2.10)
P(1) =K (o)u(t) (2.11)

#2e 5 K (a))* T A BB T B (complex elastic stiffness ) :

K (@) =W R k() 4K ()

u(t) U
=K'(@)(1+in) (2.12)
\waﬂzgazpc%wy+K”(wﬂ” (2.13)

T s AR R g s T o BB
K'(0) ~ K'(0) » & K (0)2 nit-2
g (2.7) #1222 e F E B 0 4o®] 2.1 #9757 o & @3]
*a fE A En K (o) ~ K@) g » 347 57 1R 2 g AR phte 3 & 4p
2 Bz o 4eRl 21 TR AZ A ET AR ARLF BB EE
s ou(t)=u,  FHEAHE2Z 4 S A=K'(0)y, » A=-K'(e)y,
d Sk Ry iR 2 B F e BT R 0 2 B AR AR T A R pEe b
R dii Bt E AT R OBF e BF LA 7Y RE KR
B2 THEK () T ARAZRES G e s R o] R
u(t)=0pF > 2=tz 4 5 > A=K"(o)uy, > A =-K"(o)u, > F3Z > & 4
e R iR Bl THEK (o) g8 &S (2.8) TET RELEFS g
LS c HepA S A~ A~ AR TR A RPESL 2 0 4

14



REe >y dh A ERAHES L A=ucosd s § 4 s 0 mHRARHEA

5 A=Ussind 5 FIZA =-A > A =-A

15



A
U, coso ‘K‘
- > K’
o A§ __I
K (a)‘)uo AI _a))Uo
A
R o i P coso
A/ : _
2 2 V2 : y - A ! > U
K'(@)[u’-u* ] : ©usigh
A /(P(t)K (w)u(t) =K (a))[uoz— 2}
N A
A
P(t)=|K"()|u(t)
B 2.1 Ry B

16



22 a2 nBEB R A

7 B4z~ %25 (large deflections ) 22 % —,’F‘!irﬂ‘zﬁ’é?ﬁ:ﬁ;@}%[ﬂfvw]
AriE R 20 fRFTHEN 0 1 Bo) # 5t R IZ (minimization of potential energy )
Br o 3% 37V RaJd2E F 47454 5 (initial curvature ) 2. 3 A i 4%
(imperfect columns ) % e 2E5m 4 7 5 o

AT 2 e B iR (- g A ded gk Ryad g o H oo LR -
A BREE L - Hed: (hinge) - 5 R L (roller) » 4@ 2.2
rr 0 B 2R G Lo Bk e 57 L9 A3 BT R SALHE kR (S)
M E B Y s —L/2<s<4L/2 0 BEREBEEATRE ¢ A (F] 22)
Mol R RIIAS A R o HAEAE SRAR LR EZ S £ O(S) B pd R Ry i
2o fd RAHRER T 2R 0 () 0 FANE sl AT AT

0(s)=qF(s) (2.14)
HY Qi8> [CR & F(S):sin(%sj AR RE P TR Gy (S) T A T
4T

6,(s)=a,F(s) (2.15)
He > Qa2 A~dpiZ TR E o 0t TR Fha=l/p> pid 3
Lg e d Mo BT B ds=pdd o Fd K din TR - S A 0(s) 2
B %40
do

:E:g(s) (2.16)

1
K=—
yo,

17



A uHst (2.14) &30 (215) for50 (216) 0 T EF W F SlickeT

k=0'(s)=qF'(s) (2.17)

K =0y (8)=F'(s) (2.18)
HARER - e P4 IEY S22 RT = HFT I E 40T

u(q) = I_Li/zz(cos g, —cosd) ds

L/2
=IL/2 [cos(qu)—cos(qF)] ds (2.19)
H oo 2 i % it (strain energy) ¥ 3t B 40T
B _ 1 L/2 ' ' :
U°(a)=—Fl j_L/2(0 ~4)) ds

L/2

2
:EE iy (9- q0 (F') ds (2.20)

#o »(9'—90')@%\,&@”@&%%@ PP 52w R AL
fhe 4 PiT* (52 584 =4 (elastic potential energy ) % :

U "(q)=-Pu(q) (2.21)

Tt ook seni it £ (total potential energy ) ¥ & 7t 40T !
V(@) =U°(@)+U"(q)
B 1 L/2 s L/2
_EEI .[—L/z(q_qO) (F)"ds— Pj_m[cos(qu)cos(qF)]dS (2.22)
L freni iy FR] 0§k St T Rk P2 i Sk ]

v (9)

=0 2.23
o (2.23)

H#ei(2.22) mor Y (223) FOEELeT



oV (q) _au “(q) oUP’(q)

+ =0
aq aq aq
El(q— qo)j ) ds— Pj F sin(qF) ds=0
Bla-a)f ) ds

(2.24)

J_L/z F sin(gF )ds
5 22 B 4x (perfect columns ) 2_ 3 AR q, =0 > > 3 A (buckling) =h

BRI o qABITE 00 25U (224) WG

EI (g- qo)j ds Elq_[ 2ds
j_m F sin(qF )ds q j_L/z F2ds
L/2 ENFLNZ st TE
E I_L/z(':')zds_ Bl (D) j_L/zcos (szds

L/2
F*ds IL/Z sinz( jds
) L

-L/2

1) (5) ey
_ LL 2 :El(fj =P, (2.25)
5
F(224) ARG ELS PR 5 E AT TE; N (225)

For A T P A EATEFES e 4 PL =B UE LA

cr

heiE e & Q2 Sl Bt P(Q,U) 7 3B 40T

19



1 (a-a)f(Fyas Ba=a)f ) [ e[ e

P(a,q,) = L
>/ L/2 . =
i F s1n(q|: )dS I_LL/; sin(ﬁLSj sinqsin(ﬂl_sj ds

(1fiof

I_L/ZSin(T)[(q sin 775) - a(q sin T)3 + g(q sin 775)5 - } ds

L/
E(fj(q q”() Py (a—ap)
q

L q sy 1, 1 ., j
e e v O l——q+—q ..
"2 6(8j+120(16j q( g9 T1921

2 4
=pcr(q_q°j(l+%+g—6+...] (2.26)
q

éjz‘._]' )7\‘%\7?2\‘ P—Urﬁg f,/f’:;\: "F—”flj’# ;\l (219) ?E’?*fl. ?i’?i)iiiq.,"i’f:%u

2_B e

L/2 L/2
U@ =" (cos6,—cosd) ds=[" [cos(q,F)-cos(qF)] ds

=L{[1—2i!(qu)2 +4l!(q0|=)4 —} —[1—2l!(q|:)2 +4l!(q|:)4 —..}}ds

(2.27a)
_ 1 P 2 L2 | ) T
Lt _E(q -0, )JL/Zsm TS ds
__(q‘qo)2 (2.27b)

#-38 (227b) 2B 4T

20



4u 1/2
q =(T+ qﬁ} (2.27¢)

b RN (226) ¢ 0 R E

AU -1/2 y )
P(qo,u) = pcr (1_% [T—i_qozj \][1+I+%J (2283)

FORSSE O TR AT AT

P(P.,q,,u
K(R:rs%au)zw

FEEBERZ e LR Hphe R34 i) o T A SR R

(2.28b)

MR Ghe 4 P A Ui AR S R A Bhe B chiE 2T iR e
4378(2.28a) 1 F [ i 4l BEE 2 & QR x o HOBE TR AU 2.3 fror 0 d

BTRF > § 08~ + BB 2LaPEHG (ERMER) g, 2 2

BT ] PERRE KF S e

21



Bl 2.2 e hagis 2 %257 & B
P-u
250 : : ‘ : :
--©r- 40=0.10 | | | |
-%- q0=0.15| | 1 1 1
200 --EI--q?—oso T S S —@"Q*
: : : o d
| | - A
A e
2 | o | -
) | \’O’ | | $_.¢'
2 | o | §b - o l
© 100fF------ F-——pm—r————— - -5 t--—--== +-—--=-=---
— 7 ﬁ
o *m‘l" | l
/'\®, *L*’ i i i
50 - — —~Z - - S L N ~f1
[ i T T . -EF
'Q *z* | | __E__\_E-—E E}
/ " | __E__E | |
X E__E-‘E"E ‘ | |
qg-a il : : : :
0.5 1 1.5 2 2.5 3

displacement (mm)

B 23 7 kA 4ozhBbizr & Q2 P-ud RE

22



ﬂ
@

f 2 BB E (Sensors) it {7
BRIE fe d kBB a4 0 TOEEFSHEZFFE L S8 P X PR LS
Be* o Blde AR L £ R SR RIE o A en e AT T3
BRoz2AFVUEL A ~FTh 285 FELJHELFLEF &
i o

AR AR JF R AR (imperfect columns ) *+ 44 4L %% iR (yielding )
B B F R 0 A HEREK 2 R R F 420 B s (fixed) &7
(plastic hinge) 2. FF » ¥ 2 i > B f2 8 2L 7 5 » &~ %k sz
EUETRA S SERIEE U R B S

A2 0rilh 2 dw|EIT G P-ig B p 2 (adaptive filtering) > H
RS TR o iR T EELE > SR [2122] S H ARG
v pER £ gy~ (input) 24500 (output) 2 B % (B4 @ ARX -
ARMA,...% = ) ;5 f 5 JI* ppliE 2 2w g | T2 BA) > fo RF - g
Bz difficedrt- k> 2AE VY - BHaZERME N H gl
Sl Riy g bR F R -

%22 REEL LA ﬁé;f?m*ﬁﬂﬁwﬁ » TEHP ek SR aE
-H - ﬁ (EO)%%EE—%»-%Q%S
(SIMO) -~ #v# 5 4 ~-5 £ & (MIMO) : &5 4 > £ % S¥ics -

.._.

TOREE A ek 5 Tl S BET A B Rl

(time-variable systems ) ¥2 2LpF % % 4L (time-invariance system )

23



HATPF I ) Su2 g~ -4 A0

US4 s Sa B RHHEERE R » i - i 2 - 9 (SISO)
2l L IR LA A X R N
y(k)+a y(k—1)+,-- »Ha, y(k-n,)

=b0u(k)+blu(k—1)+,---,+bnb uk—n,) (2.29)

y() &k .?»iiﬁi%lﬂz ’ a,.’s;;ﬁig?]ﬂzgm%ufﬁaﬁx n, s BARE

U(e) 2 se2 i r > b'SE B~ Uil n S R A

£ OAQ=l+aq’++a g™
B(@)=h +ba" +--+b q®

T (229) B Ao o

_B@
0= gy k) (2.30)
A(Q) y(k) =B(q)u(k) (2.31)

z v w& (white noise) & SR B2 sp iR 4

B BRI - RGN L LXK P ERERS EH

A(@)y(k) = B(@)u(k) + C(q)e(k) (2.32)

He s oe(k) it £ 23 (white noies) » — #LiE3k 5 % #9(E (zero mean) ; C(Q)

RS

R &

24



C(q)=1+cq” +o G g (2.33)

Hoe sosigemiafioon s AR e— P fo PALERT L o

QLo
ARX #:3] + A(q)y(k) =B(q)u(k) +e(k) (2.34)
ARMAX #:-3] © A(q)y(k) =B(a)u(k) + C(q)e(k) (2.35)
ARMA #-3] & A(q)y(k) =B(q)u(k) (2.36)

95 :5(2.32) > ARX #4738 - 9 & 77 =

y(k) =y (k)8 +e(k) (2.37)
H2
v (K)=[-y(k=1)---—y(k —n,),u(k)---u(k =n,)] (2.38)
e:[ai...ana’bo...bnb:l-r (239)
FoASRBA L H- ﬁ%] % :a‘_%?l 41 (SIMO) $5- 78 B >
vy uk)y 0 o 0]
Wi (k)= Yz:(k) (:) U(:k) ? (2.40)
_ym(k) 0 0 U(k)_
H v
Yo = [~ YK =D =y (k=n,)] (2.41)
u(k) =[u(k)---u(k —n,)] (2.42)
9:[31"'ana»ho“'bmb»bzo"'bznb»"'abmo"'bmnb] (2.43)

$50(237) BB £ 0 RN FHERET T @
F

25



y(k,0) =y (k)0 (2.44)

e(k,0) = y(k)-y(k,0) (2.45)

Eul i ke k hau0 = >0 o Blek,0)=ek) -

yEi% FE 3% 472 (Recursive Prediction Error Method)

g se g ] T2 02 2 RIL 0 2& 5 R FRITERGEL 5
1 k

V(k,0) =§y(k)ZB(k, SEREY:) (2.46)
s=1

H e Bk,s) & 4 F]lF 5 y(K) 5 B(k,S) 2 i it F]+ (normalization factor) »

Hg 4o !
v(K)D B(ks)=1 (2.47)

i % Fus ZEPFE% (time-invariance system) o ¥ 4 4cjEF]F 5 1o gt pEER

AR B T 3R S AR EY RS & 4L (time-variable systems ) @ % 0 4
y =

FlF hrt  RT OB T R B RSO R s T TR K

ST A L g4 ERGERT

B(k,S) = A(K)B(K—1,9) (2.48)
Hv

B(k,k) =1 (2.49)

AK) = A(K=1)+1-2, (2.50)

26



AFE & B L F]F (forgetting factor) » i F # * X, =0.99 » 1(0)=0.95 - 5 # &

v

WS TR R AP RE ] R ) BT 5

H

E[V (k,0)]=0 (2.51)

yoeb o P e dp £ - in 4 (Newton-Raphson ) 2. 3% 7% » f& 41 % 5L

0(k)=0(k - 1)~ o, [ V'[k,0k = D] V[k,8(k - 1)] (2.52)
PR L g =] BEE AT TR 8P|k 2G5 2
0(k) = B(k — 1)+ L(K)[ y (k) —y" (K)B(k — 1) (2.53)
#4e
L(k) = P(Tk —Dy(k) (2.54)
AK) +y (K P(k=Dy(k)
P(k) = TP(k - (2.55)
A(K) +w (K P(k=w(k)
s 0 K A TE 2 PO) i o ¥ L EH P0)=10°"~10" > 12 4e BTt
E R
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24 F1* Green 23235 &Fw B2 i &
Green ILfE* AT g pro> v U BF E &P ad Ba ff - 2 RIZM
e

d QGreen T IV v

H(aF o j dxdy = 95 (Fdx+ F,dy) (2.56)

a{,\ F1:O’F2:Xfx7\ }}‘\E:Tﬂl?%g

Ljdxdy: CJSC xdy (2.57)
FI22 F=—y> F,=0& x4 (2.56) ~v 8
gdxdy: — CJSC ydy (2.58)

B30 (2.57) 258 (2.58) A4
:Ecﬁc xdy — ydx (2.59)
RIS e R R EL T o HF Y R 5 ff o

PXE S ViR Rk rahddk a<r<b PE- B Rp

m FFT LA T S
A=[[x(z)Y (2)- y(r)x(z)] dr (2.60)

B A i 2 [23]) B AT

! , ! ,
Ex(0) =200 %) X(#) =% =% Y(E) =S+ %) V() =Y - ¥

#3 (2.60) B AT
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%2{[ (% +%)( y.+1—M)}B(mw)(xﬂ—&)}} (2.61)

F(2.61) e k3t B AR Blohg ff e
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Hysteresis Loops:2HzS2mm(t4B485)
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Hysteresis Loops:3HzS2mm(t4B485)
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Hysteresis Loops:0.5HzS2mm(t4C480)
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Hysteresis Loops:1.5HzS2mm(t6B485)
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Hysteresis Loops:2HzS2mm(t6B485)
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Hysteresis Loops:2.5HzS2mm(t6B485)
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Hysteresis Loops:2.5HzS1mm(t6B485)

500

Lo
@
i Bttt it bl Bl ittty Bl it Rt =2 e B e e e e
I m I
e B e e Sl e B Al ©F—1-—-r--
| = |
ey S El-d-—r-- 4
| - E| -
“7 “““ m AM“‘? “““ m
L lm\ N | ! lm\
T = T T =
s R ]
! g ST 5
4 Q |72 [ o
+ 8 o 8
o o o
£ 2 O e 2
@ =l - @ =
£3 o HETD
S B 2] ]
3 E o |[|dE
: AINE
1
1 »H
1 > 1
1 I 1
o o o
o Q o
< n <
I I I I T I I l I © & I I I I T I I I I © & I I I I T I I l I
I I I I I I I I I © I I I I I I I I I © I I I I | I I I I
it Bl it it Sl il it Sl nftid Bt P e e A e e P e e A 1 it Bt et
I I I I I I I I I m I I I I I I I I I m I I I I 1 I I I I
i Rt et e B e e B e T ©OFF-"41-——Fr-————4--F-—-1——4--f--I--q% O©FF—"41-——r————+4-4-Kh-——d4--F--1-—4
I I I I I I I I I R I I I I I I I I I R I I I I [ I I I I
e Ty R Y g = Gy A A T O
I I I I I I I I I £ I I I IS I I I £ I I I I I I I I
—~ 4 —~
. N = 3\\\,\\,\\L\\N\\,\\/,\\\,\\,\\L\\\Zm o -4t L
| | I | | I | | I £ ) | | 7 | \ | | I £ 7} | | I | I | | I
| | I | | I | I I L= N | I [ | N | I = N | I I | I | | I
Y 20 N e e H\\\,\\,\\J\\—\,\\,\\\?\\,\\,\\J\\\ e b o T e A - A e
I I I [ A I I I o n I I [l I B I I I o n I I I I I I I I
\4\\ﬁ\\7\4;—\7b\7\4\\ﬁ\i\\\om ./m\\4\\ﬁ\i\d4\\ﬁ\\7—\4\\ﬁ\i\\\om T i i i - o i Al i B
I I I I /,\, I I I © L. I I [ I oy I I © .. I I I I I I I I
ke N e 8 m\\L\\T\L\\-—,\\T\\T“\L\\T\L\\\J.% m\\L\\T\L\\L‘\ L S
I I I I I I I I I = ° I I I \ I g I I = ° I I I I I I I I
= L4 _L____d__L__-_Jla & o = \r\L\\p/\\r\\,ﬁwpwwr\\f\\zS o = JE R S U T A T SO B N
S | | | | | | | | "5 | 15 | | NS | | | "5 | 5] | | | | | | |
Ewg|_L____1__t_ 1 Ly n HEs|- Ll S 1Ly wHEg| - L____ i Ww_oo oo
58| I i i I i i I ; ‘% 188 I i T I i i I ; ‘% 188 I i I i i I
el I I I I I I I o7 el I I I I I I I ol F el I I I I I I
P2 B it e Sttt i e Bttt i It I - f, «|"T-"——T--r--——a--r--——-°Y P o e o it Bl o e it Bt il Bl
1 I I I I I I I I 8 1 I I I I I I I I 8 1 I I I I I I I
| e et S S e e s e} N I e B e e ettt e EE ) N I e B e e
I I I I I I I I I > I I I I I I | | I > I I I I I I | | |
I | | | | | | | | © H I | | | | | | | | © H I | | | | | | | |
o o o [=] o o [=] o o o' [=] o o o [=] o o [= o o o' [= o o o [=] o o [= o o [=
o o o o o o o (=] o o o o o o o o o (=] o o (=) o o o o o o (=] o

(463) 29104 (463) 22104 (463) 29104

3 [8]

b

{

")(
-~

7

-~

i

54
[

< 2.5Hz

:1‘
=

g
104

S 4E B

=

t6B485

displacement (mm)

R 3.27¢



Hysteresis Loops:0.5HzS2mm(t6C480)
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Hysteresis Loops:0.5HzS1mm(t6C480)
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Hysteresis Loops:3HzS2mm(t6C480)
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% 32 t4A490 F %K' - K"~ 7

A5 ¢ t4A490 #8437 F 0.5Hz { 2150 ¢ t4A490 e 4EF 1.0Hz
I _

&% mm 2mm  [3mm  |[4mm  |Smm = % lmm 2mm [3mm |[4mm [Smm
K’ 41.29 |40.10 (3794 3475 |32.91 K’ 32.26 |30.78 |29.90 |28.89 |27.86
K” [14.05[12.80 [10.41 (7.70 |5.51 K" 24252235 [19.99 |17.17 |14.44
n 0.34 ]0.32 0.27 0.22 0.17 n 0.75 10.73 0.67 0.59 0.52

A8 D t4AA490  JREHE S 1.5Hz { A8 A0 REHEF 2.0Hz

“ df Imm 2mm 3mm |[4mm |Smm “ % |lmm 2mm [3mm |[4mm |Smm
K’ 22.18 |20.61 |20.47 ]20.60 |20.65 K’ 11.21 |10.75 |10.87 |11.91 [12.76
K" 29.66 |27.80 |25.80 |23.10. |20.70 K” 31,16 |128.94 |27.37 |25.44 |23.47
n 1.34 |1.35 1.26 1.12 1.00 n 2.78 |2.69 2.52 2.14 1.84

A8 1 t4AA490  JREAE S 2.5Hz { A8 t4A400 R F 3.0Hz

h % lmm 2mm |[3mm |[4mm  |[Smm ) "f Imm 2mm |[3mm |4mm |Smm
K’ 338 299 324 470 |5.70 K’ -4.12 |-3.94 |-3.62 |-3.09 |-2.68
K" 26.76 [24.59 |26.56 |24.88 |23.31 K” 24.79 (23.18 [22.79 |21.97 |21.18
n 7.92 |(8.22 820 |529 |4.09 n -6.02 [-5.88 [-6.30 |-7.11 |-7.90
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3.3

t4B485 F %K' ~ K" ~ 1

A5 - t4B485

Fo g & 0.5Hz

|

Dy dj Imm 2mm |[3mm |[4mm |[Smm
K’ 29.32 |127.61 |26.83 |25.81 |24.85
K" 8.94 (843 8.00 7.18 5.55
n 0.30 1(0.31 0.30 0.28 0.22

4% © t4B485 A 1.5Hz
|

Dy dj Imm 2mm |[3mm |[4mm |[Smm
K’ 16.64 (14.25 |14.11 |14.24 + [14.43
K" 2097 |18.32 (17.76 |17.03. |16.18
n 1.26 [1.29 1.26 1.20 1.12

A5 - t4B485

b 4g F 2.5Hz

g

B Imm 2mm 3mm [4mm |Smm
K’ 2.57 |2.26 1.93 2.15 2.80
K" 20.39 (18.27 |17.27 |17.75 |17.12
n 7.94 |8.08 8.97 8.26 6.12

\; A 5L 14B485

% 1.0Hz

“ Imm 2mm (3mm |[4mm |5mm
K’ 23.19 |120.81 |20.70 |20.60 |20.29
K” 16.13 (1456 (1430 [12.91 |[11.72
n 0.70 10.70 0.69 0.63 0.58

\; A 5L 14B485

FREHIEF 2.0Hz

“ % |lmm 2mm [3mm |[4mm |Smm
K’ 9.08 |7.59 7.36 7.76 8.07
K" 2146 |19.86 |19.03 |18.61 |17.93
n 2.36 |2.62 2.59 240 |2.22

{ A 5L 14B485

FEHIE F 3.0Hz

“ % lmm 2mm [3mm |[4mm |Smm
K’ -2.81 |-2.69 |-2.63 |-2.57 |-2.20
K" 16.38 |14.74 |14.86 |15.34 |15.01
n -5.82 |-548 |-5.66 |-597 |-6.83
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1 3.4

t4C480 F %K' ~ K" ~ 7

A 8, 1 t4C480

&4 % 0.5Hz

8

h " lmm 2mm |[3mm |[4mm |Smm
K’ 24.99 |23.65 |23.10 |22.71 |21.78
K" 8.05 |7.34 |6.68 |6.04 |4.88
n 032 (0.31 029 (0.27 ]0.22

A 85 : t4C480 g & 1.5Hz
8

Dy dj Imm 2mm |3mm |[4mm . |[Smm
K’ 14.47 113.18 |13.28 |[13.40. |13.46
K" 18.07 {17.10 |16.63 |15.79  |14.77
n 1.25 |(1.30 1.25 1.18 1.10

A 5L - t4C480

FrEHE & 25Hz

I “ df Imm 2mm 3mm |[4mm |Smm
K’ 2.63 |2.03 2.28 2.46 3.02
K" 18.82 |17.66 |17.01 |16.65 |15.98
n 7.16 |8.71 7.47 6.76 5.29

{ A5 ¢ t4C480

FEHEF 1.0Hz

) "f Imm 2mm |[3mm |4mm |Smm
K’ 19.40 (18.98 [18.99 |18.74 |18.35
K” 13.76 (13.33 [12.74 |11.85 |10.68
n 0.71 (0.70  ]0.67 |0.63 0.58

\; A5 - t4C480

FEHIEF 2.0Hz

% & lmm 2mm |[3mm |[4mm |Smm
K’ 820 |7.11 6.95 7.43 7.85
K" 19.46 |18.37 |17.96 [17.21 |16.39
n 237 |2.58 2.58 2.32 2.09
{ A8 1 t4C480 FEFHE & 3.0HZ
“ g Imm 2mm |[3mm [4mm |Smm
K’ -2.64 |-2.67 |-246 |-2.27 |-2.04
K" 15.51 |14.51 |14.47 (1423 |13.77
n -5.88 |-5.44 |-5.87 |-6.27 |-6.76
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% 3.5-1

A8 t5A490 $RHAEF 0.5Hz
|

Dy dj Imm 2mm |[3mm |[4mm |[Smm
K’ 61.21 |68.03 |67.18 [64.38 |61.22
K" 16.15 |18.12 |14.82 |(11.11 |8.24
n 0.26 1(0.27 0.22 0.17 0.13

A5 tBA490 e Hg 5 1.5Hz
|

Dy dj Imm 2mm |[3mm |[4mm . |[Smm
K’ 42.83 139.26 |40.22 |40.69  |40.22
K" 48.55 145.92 |43.65 |39.53  |[35.46
n 1.13 |[1.17 1.09 0.97 0.88

)5 1 t5A490 JRdHE & 25Hz
|

Dy dj Imm 2mm |[3mm |[4mm |[Smm
K’ 8.07 [9.72 10.79 [12.55 |13.83
K" 52.04 149.30 |47.04 (4393 ]40.82
n 6.45 |5.07 4.36 3.50 2.95

t5A490 F %K' ~ K" ~ 1

{ A% : t5A490 FHHE S 1.0Hz

“ g Imm 2mm |[3mm [4mm |Smm
K’ 55.50 [55.05 |55.71 |54.63 |52.78
K" 36.71 |33.52 |31.27 |27.20 |22.80
n 0.66 |0.61 0.56 0.50 043
{ A% t5A490 FEHHEF 2.0Hz

% & lmm 2mm |[3mm |[4mm |Smm
K’ 24.55 125.07 |25.73 |26.99 |27.20
K" 57.31 [52.66 |48.69 |44.64 |40.88
n 2.33 |2.10 1.89 1.65 1.50
{ A% : (5A490 FEFHE & 3.0HZ

“ g Imm 2mm |[3mm [4mm |Smm
K’ -5.32 |-4.96 |-4.57 |-4.54 |-4.70
K" 41.40 |140.24 (39.30 |37.83 (40.90
n -7.78 |-8.11 |-8.60 |-8.34 |-8.70
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% 3.5-2

A% : t5A490 i 4E % 3.5Hz
|

Dy dj Imm 2mm |[3mm |[4mm |[Smm
K’ -10.56|-10.92 |-9.57 |-8.19 |-6.95
K" 33.16 |32.23 |33.99 [34.77 |36.54
n -3.14 |-2.95 |-3.55 |-4.25 |-5.26

A5 ¢ t5A490 R 4E X 45Hz
IL

Py % lmm 2mm |[3mm |[4mm  |Smm
K’ -17.00|-17.20 |-18.06 |[-17.91 |-15.95
K" 17.44 {17.42 129.96 (21.35 |21.22
n -1.03 |-1.01 |-1.65 |-1.19 |-1.33

A8 : t5A490 EHoAE % 6.0Hz
|

Dy dj Imm 2mm |[3mm |[4mm |[Smm
K’ -14.56|-13.75 |-15.04 |--- -
K" 3.23 |3.20 3.99 - -
n -0.22 -023  |-027 |-

tSA490 F %K' ~ K" ~ 1y

\; A5 ¢ t5A490

FEFHE K 4.0HZ

“ Imm 2mm (3mm |[4mm |5mm
K’ -14.29|-15.71 |-15.63 |-15.12 |-12.85
K" 24.35|23.78 |25.78 |29.64 |29.17
n -1.70 |-1.51 |-1.65 |-1.96 |-2.27

{ 315 ¢ t5A490

R 4F F 5.0Hz

3 ? Ilmm 2mm |3mm |[4mm |Smm
K’ -17.24(-17.13 |-22.06 |-17.51 |---
K” « |11.54 [11.86 |14.75 [14.13 |-
n -0.67 |-0.69 |-0.69 |-0.81 |-

{ A5 ¢ t5A490

FEFHEH 7.0HZ

%

Imm

2mm

3mm

4mm

Smm

KV
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% 3.6 tSB485 F %K' ~ K" ~n

A5 t5B485 FR#4E 5 0.5Hz { A 5% - t5B485 FEIE S 1.0Hz

h % llmm [2mm [3mm |[4mm [Smm ) "f Imm 2mm |[3mm |4mm |Smm
K’ 53.88 |51.18 [48.84 |[45.13 |39.37 K’ 41.74 140.65 |38.81 |38.02 |37.18
K" 1598 [14.39 [13.02 (1037 |7.22 K” 26.78 (25.17 [22.72 |20.61 {19.36
n 030 (0.28 ]0.27 |0.23 |0.18 n 0.64 [0.62 [0.59 ]0.54 ]0.52

4| : (5B485 FEFHEEF 15Hz { 4|8, : t5B485 JEEHE & 2.0HZ

“ df Imm 2mm [3mm [4mm- |Smm % % llmm [2mm [3mm |[4mm |[Smm
K’ 28.59 |28.51 |28.69 |28.37 |28.24 K’ 13.92 |13.26 |14.07 |15.14 |16.13
K" 33.65 |33.76 |32.48 [30.17+ |28.83 K" 32.63 |32.02 |32.00 |31.17 |30.63
n 1.18  |1.18 1.13 1.06  [1.02 n 234 241 227 (2.06 |1.90

A5 t5B485 FREHE 5 2.5Hz { A 5% - t5B485 FEIE 5 3.0Hz

h % lmm 2mm |[3mm |[4mm |[Smm h "f Imm 2mm |[3mm |4mm |Smm
K’ 428 1622  |6.65 7.09 |7.94 K’ -4.49 (-450 |-4.18 |-3.61 |-3.35
K" 26.36 [39.89 |37.65 |35.49 |33.01 K” 30.48 |129.67 |28.98 |27.73 (26.88
n 6.16 (6.41 5.66 |5.01 4.16 n 6.36 (659 693 7.67 8.02
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3.6

t5B485 F B K' ~ K" ~ 1

A 5L © t5C480

FrE 4 & 0.5Hz

g

P Imm 2mm 3mm [4mm |Smm
K’ 41.91 |40.89 |40.21 |39.50 |38.78
K” 12.48 |11.88 |11.20 |10.23 |8.63
n 0.30 ]0.29 0.28 0.26 0.22

A 5L © t5C480

FrE g & 1.5Hz

g

N Imm 2mm 3mm |[4mm _ |5mm
K’ 25.83 |22.86 |22.66 |22.82 |22.26
K" 30.30 |27.05 |26.71 |25.54 |24.52
n 1.17 |1.18 1.18 1.12 1.10

A 5L © t5C480

FrE g & 25Hz

g

N Imm 2mm 3mm |[4mm |Smm
K’ 582 479 [5.06 [4.01 |4.44
K" 29.79 |24.57 ]26.50 |26.19 |26.35
n 5.11 |5.13 5.24 6.53 5.94

{ A% : t5C480 FHHE S 1.0Hz

“ g Imm 2mm |[3mm |[4mm |Smm
K’ 33.94 |32.01 |32.66 |32.79 |32.37
K" 22.14 121.59 |21.44 (20.22 |18.58
n 0.65 |0.67 0.66 0.62 0.57
{ 4|3 : t5C480 FwEHF 2.0Hz

- g lmm 2mm |[3mm [4mm |Smm
K’ 14.32 110.76 |10.84 [11.50 |12.41
K" 30.86 |25.68 |26.65 |27.37 |27.73
n 2.15 |2.39 2.46 2.38 2.23
{ 4|8 : 5C480 FEFHE & 3.0HZ

“ g Imm 2mm |[3mm [4mm |Smm
K’ -3.78 |-3.91 |3.63 -3.42  |-3.13
K" 2497 120.50 |21.51 |22.28 |22.60
n -6.60 |-5.24 |-593 |-6.52 |-7.22
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% 3.7

t6A490 F %K' ~ K" ~ 1

2] 55 © t6A490 FwE 4 F 0.5Hz
|-

h " lmm 2mm |[3mm |[4mm |Smm
K’ 99.97 |193.47 (89.32 |[85.92 |80.48
K" 3091 |29.26 |26.37 (24.13 |18.44
n 031 031 030 [0.28 |0.23

2] 55 © t6A490 wmE4E 5 1.5Hz
|-

b " lmm 2mm |[3mm |[4mm |Smm
K’ 45.63 |42.67 |42.83 [45.07 "|45.63
K" 53.36 |50.67 |50.66 (52.40 |49.31
n 1.17 (1.19 |1.18 |L.16  |1.08

A 55 © t6A490 FwE A 2.5Hz
|

Dy dj Imm 2mm |3mm |[4mm |[Smm
K’ 9.76 |7.94 19.70  [10.15 |8.96
K” 57.41 |61.68 |60.79 [59.79 |44.03
n 588 |7.77 627 (589  |4.91

119

{ A5 © t6A490 FEHEF 1.0Hz

h "f Imm 2mm [3mm [4mm |Smm
K’ 66.35 [59.20 |61.82 [63.53 |64.33
K" 45.08 |139.78 (42.04 |41.13 |(37.62
n 0.68 (0.67 0.68 0.65 0.58
{ A1 55 1 16A490 FEHEF 2.0Hz

o "f Imm 2mm |[3mm [4mm |Smm
K’ 2496 |23.98 [23.28 |26.50 |28.24
K" 56.13 [53.95 |53.01 |58.96 |56.14
n 225 |2.25 2.28 2.22 1.99
{ A8 : t6A490 FEFHE & 3.0HZ

“ g Imm 2mm |[3mm [4mm |Smm
K’ -8.02 |-7.79 |-7.27 ]-6.35 |-5.59
K” 54.38 |52.75 |49.11 |45.10 |45.28
n -6.78 |-6.62 |-6.76 |-7.10 |-8.10




% 3.9 t6B485 F %K' ~ K" ~ n

4| : t6B485 FHE % 0.5HZ { 4|8, : t6B485 o HE % 1.0HZ

“ df Imm 2mm 3mm [4mm |Smm “ % lmm 2mm [3mm |[4mm |Smm
K’ 81.22 |76.68 |72.19 [67.64 (64.07 K’ 67.10 {6236 |59.40 |56.75 [54.12
K" 2478 |22.77 |19.13 |14.67 |11.58 K" 47.04 |43.37 |38.93 |34.29 |30.12
n 0.31 ]0.30 0.26 0.22 0.18 n 0.70 10.70 0.66 0.60 0.56

A5 t6B485 Fr#4E 5 1.5Hz { A 5L - t6B485 FREIE S 2.0Hz

h % lmm 2mm |[3mm |[4mm - |[Smm D, % llmm 2mm [3mm |[4mm  |[Smm
K’ 45.99 |41.72 140.75 |40.21 |39.42 K’ 23.65 (21.24 [21.37 |21.79 |21.79
K" 59.81 (53.89 |49.41 |45.29. |41.58 K” 62.10 [55.98 [52.10 |48.25 |43.47
n 1.30 [1.29 1.21 1.13 1.05 n 263 (264 (244 221 1.98

A% 1 t6B485 R HEF 2.5Hz { A% 1 t6B485 3R HEE 3.0Hz

“ df Imm 2mm |[3mm [4mm |Smm h & Imm 2mm [3mm |[4mm |Smm
K’ [730 |5.62 ]6.09 [5.16 |- K' |- |-
K" |53.34 4633 |42.04 (3728 |--- K" |- |-
n 731 825 (690 [722 |- n
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# 3.10 t6C480 F %K' ~ K" ~ 7

A8 1 t6C480  JREFHEF 0.5Hz { 48 : t6C480 FEEHE X 1.0Hz

h % lmm 2mm |[3mm |[4mm  |[Smm ) "f Imm 2mm |[3mm |4mm |Smm
K’ 5522 |52.46 [53.23 [52.94 |52.46 K’ 45.15 140.79 |41.69 |41.93 |41.79
K" 17.14 |16.28 |[16.10 [15.28 |13.61 K” 31.40 29.21 |29.18 [28.49 |26.93
n 031 (0.31 030 [0.29 ]0.26 n 0.70 (0.72 ]0.70  |0.68  |0.64

48 1 t6C480  JREFHFF 15Hz { 48 : t6C480 FEEHE X 2.0Hz

h % lmm 2mm |[3mm |[4mm - |[Smm D, % llmm 2mm [3mm |[4mm  |[Smm
K’ 30.06 27.47 (27.44 [27.94 |28.43 K’ 1540 (13.00 [13.61 |14.43 |14.91
K" 38.52 (35.82 [36.19 [35.49. |34.46 K” 40.03 |37.35 |37.70 |36.95 |36.01
n 1.28 [1.30 1.32 1.27 1.21 n 260 (2.87 [2.77 256|242

A 5L - 16C480 FwRb4E 5 2.5Hz { A5 - t6C480 FBAEF 3.0Hz

“ df Imm 2mm 3mm |[4mm |Smm “ % llmm 2mm [3mm |[4mm |Smm
K’ 5.54 |3.86 3.86 3.98 4.86 K’ -6.13 |-5.65 |-5.34 |-5.00 |-4.56
K" 37.40 |34.32 |34.61 |35.00 |34.48 K" 32.31 129.90 |29.45 |29.78 [29.50
n 6.75 |8.88 8.97 8.80 7.09 n -5.27 |-5.29  |-5.51 |-5.95 |-6.47
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LA D S S TR

4_1 g?‘)’#‘ E_”ﬁr’}‘“:‘ﬁ)ié ﬁccc’% ’4};\1

;U (2.28a) R A R EAE S - fhe 4 (T 1S AR BGRAET S
B =gz MRl BN 123 b £ E 2 P=K(P,q,,u)u 55 5 o 47
FHRL A FREARTERE 2 5% AN K=K(P,q,u) » ¥ * ik
Bz £ 2 (Recursive Prediction Error Method ) F ) H 3224 $o#c > 0 42

e Ry e 2 EmBF 75 o
J 7 (2.28a) 2158 (2.08b) 7 Avo o ddedhe BB T A K(P,q,U) 5
P~ Q% uinddie > B¢ P SAfREE et fof € q 5 Al

T2 A dpimr &> UG AR EIphe 4 B S F 4 R EHE S T F

LA K=z R (power law ) 2 dp fic(exp) i ficendE it M RR S £ R

\\\?{r

o A EHBRBUSZ BAlo TE- A RO KR T2 BT

B K eSS g 3pp o N deT

2 af u\’
K =P,q(e") (4.1)
d49
El z*
R = E (4.2)

F AT (228a) g A RAREREZ AL ER Ak b,
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2 R2=HU BT RKiEh P g Bgphd P“,/TTH#B),@iTi%%U > W R
@I K SR b TR i AT 0 194550 (2.30) #K i

P-log » #ALH 2 3% (2.37) 2 )% m@l,,m y(k) —

y(k) = log(a) =logK (4.3)
peek s £

YT =[ log(q,) , log(e") ] (4.4)

0 =[a,p] (4.5)

30 (44) 250 (45) Apgk o TR (244) ol Y 2 @ y(k0) o A
FRBELTER S T8 (245) 2 &8 (252) iz A2 %7 EF5N (4.5)
P fiE e

M AT F 0 12 qy=03475 5 ) > S T - Sk (4o 1 t5A490)
SE o APM Y 2 R TE ¥ 24 ) &2 R ITEREL R T fFA 4T
¥ o8 frEiiae A HH AR R (R142) » TV RILa B fiE o BT
WwaB fiEis s TR e AN (41) E RE D B e Wik
By SR E o T EARRIP-UM Thd Ao M2 BIBIE P-Ul TR SEIZAT [
41> Be= L RAPE B

A HY 2 HARRFENE T AT FERZFEWY 265 dmm -
Smm 2 6mm- % & 355 30mme H P, §3 8 ¥ o4 w 133.28kgf~260.31kgf

% 449.82kgf ; e Byig 4% 2o 4= dnd 5 g, 4 B 5 0.3475 ~ 0.4262 % 0.4929 o %‘J
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= Hu=usin(wt) 0 Uy 3 FES% B JEE A S 5 Imm -~ 2mm > 3mm -
4mm 2 Smm- o=2xf > f S A F 4 W 5 0.5Hz~1. 0Hz~1. 5Hz~ 2. OHz ~
2.0Hz ~ 3.0z o &~ g » 111 7 e dicdypis - A% 50 (2.53) 53¢ (2.54)
250 (2.55) wFER ANER A FRRT ol o WSS FR e
% 4.1 3 % 43 957 o

]

i

d 241322432857 Fadod IR FRE qgEL P L o
P EEMOE R &R > blde D t4A490 ~ t5A490 2 t6A49 2 FEFH R K H
a~3.2120 ; t4B485~t5B485 2 t5C480 2 #&% 2 % H o ~4.4492 ;t4C480 ~
t5C480 2 t4A490 2 ¢k % % 2 a~5.7635 > T B W HEA~ 4o d 5 Q) 3 4o
A BEREM 10 BB A AR g R A At R
SRR I R R

gL bR R B 3 AT e b #-58(2.28b) 0 K(P, 0, u) Sl 0 1

B2 (A1) A e
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241 q,=03475 > ER K fF 282 g f ik
q, =0.3475 (rad)
pe t4A490 t5A490 t6A490
- P, =133.28 kgf P, =260.31 kgf P, =499.82 kgf
o o) o o) o p
Imm | 3.2099 -0.0471 3.2099 -0.0471 3.2099 -0.0471
2mm | 3.2117 -0.0457 3.2117 -0.0457 3.2117 -0.0457
3mm | 3.2131 -0.0445 3.2131 -0.0445 3.2131 -0.0445
4mm | 3.2131 -0.0433 3.2131 -0.0433 3.2131 -0.0433
Smm | 3.2147 -0.0422 3.2147 -0.0422 3.2147 -0.0422
442 q,=04262 > #HH K e ﬁfﬁ' SN2 a8 fik
g, = 0.4262 (rad)
= t4B485 t5B485 t6B485
- P, =133.28 kgf P, =260.31 kgf P, =499.82 kgf
a B o B o P

Imm | 4.4480 -0.0313 4.4480 -0.0313 4.4480 -0.0313
2mm | 4.4484 -0.0307 4.4484 -0.0307 4.4484 -0.0307
3mm | 4.4490 -0.0301 4.4490 -0.0301 4.4490 -0.0301
4mm | 4.4499 -0.0296 4.4499 -0.0296 4.4499 -0.0296
Smm | 4.4509 -0.0290 4.4509 -0.0290 4.4509 -0.0290
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%43 G, =04929 » SEILK chie fF 202 o ¥ f Sk

q, =0.4929 (rad)

P t4C480 t5C480 t4A490
- P, =133.28 kof P, =260.31 kof P, =499.82 kgdf
o p o o) o p
Imm 5.7626 -0.0233 5.7626 -0.0233 5.7626 -0.0233
2mm 5.7629 -0.0230 5.7629 -0.0230 5.7629 -0.0230
3mm 5.7633 -0.0226 5.7633 -0.0226 5.7633 -0.0226
4mm 5.7639 -0.0223 5.7639 -0.0223 5.7639 -0.0223
Smm 5.7646 -0.0220 5.7646 -0.0220 5.7646 -0.0220
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0.3475

P-u qO=

theoretical

40

(363) @210}

2.5

15
displacement (mm)
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BIP—ubd
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q, =0.3475 & 12

W 4.1
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4.2 #3p F1+ n éﬁi&ﬁf‘i") ;N

AEEE A BheR {1 R FRIELZ R FAF I g 2oy
AR S t5A490 0 25 3 #E ¥ 0.5Hz~6Hz 3 # FF 4&tF Imm >~ 2mm -
3mm > 4mm > Smm 2 g F > T ERFHEE 0 B EULE TG nE F RN
Feoh LB 4.3a~ Bl 44a~ Bl 4.5a 0 4L3F FlF n & F AR K OB %,
XA B 43b~ Bl 4.4b -~ Bl 4.5bc tan S HcE tan S HP G ¥ E {8 OB AT

4o Bl 4.6a £ [§] 4.6b #71 ©

BLER 43 3 F 46 v o ¢
§ SR R j\m:}g;;r%‘]:). noBiE AN —o~402 oo ¥

B & B 0 Pt - FF AT tangent

F_L
pi
&
St
)
3
}
.
1y
"
IR
It
&
~zh
[
-
1_

S fAR 0o R SR R AT A (2.8) HTRE

K”(w):tané‘ (2.8)

Mo it e 4 FIS ) BB ER PP LA
(1) 45 %15 (loss factor) % thi & 2 95 - ¥ P 4cem £ 2 &
FRL

(2) 13 (28) h k@ 3 o 440 51+ 7 5 4n =L (phase lag) & s i »
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Foopie L gt ST L e Fa A BEE DA

(3) f © B chfE 3t
4 B 43 3B 4.6 BFp—f 2 tan(g)— @i SR EARIT o 1

B46m = > tg=nr/2 > N=1,35.. ¢ 3 HEIR > @ 1@

G HALY > 52 tangent ¥ ¥ S FIZ 0 B 43 1 W
4.6 h25Hz 2 3.0Hz 2 B+ ¢ apsgimz TqpR#gdk | » A 2p—f
WA R AR e PRI a2 SRR Y 0 B F] L
A Ae ek e B AT ) DAARH B AL L T 2 D

Bl s TV OB RN (2.8) s E s i ERA F i BpEF . T Ly

=‘tan5‘ (4.6)

Fobod Bl43 IR ASHER - RS 5 2Hz 1T 2 4~6Hz #
FIp o 2 RIRGEORTERRF L 2 i damny - Suging &Y
Moo TR B R ehg 0 i T ARSI F) S g S ensg i E A

FIOb R R fF O U RS 0.5~2.0Hz 0 ¥ S EEAE T hadic o 24

Zzea(e‘”)b (4.7)
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afbifF il w=27xf > fLEEHF -

BTt (4.7) i AR 4T AT

i—.\%
I

% 4(32)3 4(3.10)} 0.5Hz~2.0Hz § B} eh i85~ di(log ) -
L3 (237) 2 % ffuﬁ%l 4 37 y(k) ,

y(k)=1log(7) (4.8)

P = [log(e),log(e“’)]

(4.9)
G)z[a,b]T

(4.10)
#(4.9) #2538 (410) psk o TE S R 50 (2.44) el DY 2

Y
1B

y(k0) RIATF L AR ¥ 2 B8 (245) 0 5% (2.52) 2 i

¥ EN (4.10) ¢ charrbiE o w4 #cadb

i fF i % I
% 4.4

d 5= B 33832 M 3462 %% ¥ AR AN T 5 0.5Hz~2.0Hz
pEook e

[ =

L RS L E S A S A Sk

FERT fRh o R TR kA P L ety g B Tiala, =-1.834 -

fra2 7w @4rg bt a5 b, =0.213 - B 4.8 2 B 4.10 #77 F >

SEgkva,eb, Sw o o R 0.5Hz~2.0Hz 2 p— f 4 e 3 %

Sehp—fd Ao

a
k=
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244 g refmEhrFEpTligaitadbidk

Ly S t4A490 t4B485 t4C480
a -1.8713 -1.7957 -1.7838
b 0.22054 0.21395 0.21157
T 5 t5A490 t5B485 t5C480
a -1.8081 -1.9427 -1.8222
b 0.20678 0.21822 0.21119
G % #ic t6A490 t6B485 t4A490
a -1.7201 -1.9427 -1.8222
b 0.19967 0.21651 0.21799
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Hysteresis Loops:3HzS3mm(t5A490)

displacement (mm)
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Hysteresis Loops:4HzS3mm(t5A490)
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Hysteresis Loops:S3mm(t5A490)

displacement (mm)
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4

% 4.6 t4A490 1w jFIERIE T B2 BUF A B AR

S5t t4A490

FEHE F 0.5Hz

=t 1Imm 2mm 3mm 4mm 5mm
5 1
F % (kgf —mm) 45 163 301 372 398
788 (kgf —mm) 44 169 365 622 934
#4 (%) 0 4 17 40 57
%% 1 t4A490 FwEHEF 1.0Hz
I= g 1mm 2mm 3mm dmm 5mm
i
% (kgf —mm) 75 280 565 861 1139
7B (kgf —mm) 67 255 549 936 1406
F4 (%) 13 10 3 17 19
%% 1 t4A490 e % 1.5Hz
¥ g Imm 2mm 3mm 4mm 5mm
i
% (kgf —mm) 91 338 706 1127 1580
788 (kgf —mm) 92 352 759 1295 1945
#£ (%) 2 4 7 13 19
%% 1 t4A490 FwEAEF 2.0Hz
o ¥ g Imm 2mm 3mm 4mm 5mm
W 7R
F % (kgf —mm) 97 370 788 1264 1832
g8 (kgf —mm) 107 410 883 1507 2264
#£ (%) 10 10 11 16 19
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Hysteresis Loops:0.5HzS2mm(t4A490)

Hysteresis Loops:0.5HzS1mm(t4A490)
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Hysteresis Loops:0.5HzS5mm(t4A490)
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Hysteresis Loops:1HzS2mm(t4A490)

Hysteresis Loops:1HzS1mm(t4A490)
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Hysteresis Loops:1.5HzS2mm(t4A490)

Hysteresis Loops:1.5HzS1mm(t4A490)

~ I l T I l T
% I I I I I I I
C-Tr- AT T T [ B T b= e e
I I I I I I I
e e M\\\7\\\?&“1\\7\\4\\\,\\\#\\\4
= | \, [N | | |
O R Lo o | e B e el S [
£ T I S I I
- o, -
Lol € R e N et it A
E Q NG N E
Lot __ 1 a1 ~ N L Nt ) YO A -y
= T [ A | ] TN T p
c 1 c
© n | \| | | | \ | H
it i Bt el i I [ e e S e . Y e =
[7] P | Y | | | | | []
SRR S BN
o o o
L= @ o l=—_1-- \\Mf\\ﬁ\\p\\\,\‘“\r\\\&_..b
S | | o - s | NN | [ S
HE: ! ! o o HES |2 oNSs oo,
5 S | | i | | | i — 5 a | | S | [ "
mm | | | | | | % am | | ,I/L o |
Ay s|-—1-—=r-="r—=a--—=-——-1t--°Y e o e b e At ittt )
“ I I I I I I Q 1 I I I I I I
I et et s Al e e @ N “ B e e
I I I I I I I I I I I I
1 | | | | | | © I 1 | | | | | | ©
o Q o (=] o (=] o Q o o Q o Q o o o Q =3
(=] n o n n o n (=] o n o n To) o n o
& 4 S S 9 8 & 4 S Rl ol by §
(16) 9240y (16>1) 2310y
I l I I I I l © ~ l l l l I I l 2 ~ l l l l I I I
I I I I I I I % I I I I I I I % I | I I I I I
F- " r-— """ Tr--a- T oTro oW = e ST LEmTeNY T T T 1T T T T T T
I I I I I I I < I I I I I I I < 1 I SN, I I I
F-——fF-——A4-——l———ft-——4-——I———+---% - —F-—4-—“———F-——4--—=———t+--°% B iy At it el e B e
| | | | | | | = | | | | | | | fa 1 | | NG | |
T A P P = gy (i % == 71 NV R R
I I I I I I I I 2N I I I 1 I I I » I I
~ S 14 ~, —~ £ N\,
oL 4L _1______1l__J~ g 3\\\,\\\h\\\,\\\,\I/\\,\\\,\\\,\\\\Zm 5\\\—_\‘\L\\\,\\\,\\\\,\/\\,\\\,\\\\
| | I | | I | 7} | I I Y I | 7] ) | I | AN |
| | I | | I | 3 N g N \
= N | 3 I I I | NS N | I I | | N |
N o~y — — & — — —— — —— — — — AN V. 1 S .
T T N T I T e T T I\ I T I T 2 T ™\ I T T LY T
I I [ S N I I S n I 'y I I N I H n Y I I I [
\\\ﬁ\\J\\\T&I\#\ImJ\\\T\\ﬂwwwom 1m\\\7\\4%&\7\\7\\4\Vfi\\\ﬂwwwom L\\\ﬁ\avJ‘\\T\\ﬁ\\J\\\,\//\ﬂ\\\
I I I '\ I I I o .. I I | I I (Y I @ .. N I I I I I
\\\r\\L\\\T\\Wllr.L\\\T\\f\\\dm m\\\T\\L\\w R . e s L m\\\r\\/\\;\\\r\\L\\\T\/f\\\
I I I I I I I a ° I I M| I 1 I = o I N ) I I I Y
Lr— A _L__d__ -1 _d~® o U= I S P ] o = \\L\IAL\ JEN R IR
s | | | | | | =] -l T g | | SO | s. | =] - g | N\ ! | | | [}
HWE=S|________L__t______1l__ e w LE S| ISSSee? Ly o E S| N _nh_ oo
58 i I i i I [ j A i I i [ I [ ; A i S i I i
35 | | | | | | IR | | | | | | 2155 | RN | | o,
Ay |-~~~ r-—=a--—=-——-7t--°Y =, &« |- "7~ --r-——9---——-r--°%Y P \\4\\\7\\10\4\\J\\\\\\\
1 I I I I I I 9 1 I I I I I I 9 1 I I 1NNy L
H I R e e B e it S ) [ R e i it el B e S ) n H R e e e i T R
I I I I I I I > I I I I I I I > I I I I I I I
T | | | | | | © I T | | | | | | © I T | | | | | |
o o [=] o o o o (=] o' o (=] o (=] o o [= o o o o [= o o (=] o (=] o
o wn o wn wn o n o o n o n [T o n o o n o wn wn o n o
& 4 4 R & 4 R &« 4 4 R
(363) @210} (16) @210} (363) @210}

Rl

B

i

-~

b

’ 2

T

1.5Hz ¢
190

~

;3

-

4 -3 2 41
displacement (mm)
t4A490 B B+ 47

-5

B 4.15¢



Hysteresis Loops:2HzS2mm(t4A490)

Hysteresis Loops:2HzS1mm(t4A490)
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