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SUMMARY

The successful realization of ER fluid technology requires three important ingredients to be
developed; advanced ER fluid, accurate modeling and effective control scheme. In this research
work, these three important ingredients have been developed for automotive applications. A
new type of water-free ER fluid consisting polyaniline particles and silicone oils was developed
by adjusting the dielectric property as well as pH level. The ER fluid exhibits the yield shear
stress of 1.6kPa at 5kV/mm which is enough to employ for various dampers for vehicle systems.
In addition, the ER fluid shows a response time of 4.8msec which is beyond control bandwidth
of most dynamic components in passenger and commercial vehicles. The present research is
highlighted by identifying the field-dependent hysteresis behaviors of the polymethylaniline
particles based ER fluid. The hystersis behavior was observed in the shear mode and an
appropriate Preisach model was constructed on the basis of experimentally-obtained FOD(first
order descending) curves. It has been demonstrated that the Preiscah model newly constructed

in this work can capture the field-dependent yield stress with favorable accuracy.

In the synthesis modeling of ER devices, the prediction of the field-dependent damping
hysteresis at low moving velocity is as important as the prediction of the field-dependent
damping force. In this work, a novel type of a hydraulic model is developed in order to
predict the field-dependent damping hysteresis of ER devices. In this model, the fluid inertia is
treated as an important identification parameter. The developed model has been verified by
comparing the predicted results with the measured results. In addition, in order to provide a
general design model for ER devices, a nondimensional design model has been developed in
this work. The nondimensional model consists of the Bingham number, nondimensional
damping force, dynamic range and nondimensional geometric parameter. After showing the
effectiveness of the proposed design scheme through a comparative work between predictions
and measured values of the nondimensional damping force, sequential steps for the ER damper
design are developed. In addition, its design methodology has been tested by manufacturing an

appropriate damper for the passenger car and evaluating the imposed damping characteristics.

The completeness of the ER technology is achieved by integrating a proper control scheme.
Unlike conventional servomotor control, there are many uncertain parameters in ER devices
such as temperature variation of the ER fluid. This leads to the development of robust control

scheme. In this work, a sliding mode controller was designed in order to take account for the



variation of the response time of the ER damper as well as the variation of the operating
temperature of the ER fluid. A quarter car model was adopted and tested under both bump
and sinusoidal road conditions. It has been demonstrated that the proposed sliding mode
controller offers robust and high control performance in the presence of the imposed
uncertainties. In addition, a controller considering the input saturation has been developed. A
anti-windup controller was formulated by integrating the observer system and tested by

adopting a quarter car suspension system.

The results presented in this research report are quite self-explanatory justifying that the
controllable ER devices based on advanced ER fluid and accurate dynamic model offer higher

performance of various vehicle systems than conventional techniques.
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Table 2-1-1 The present research status of ERF fabrication and ERF characteristic

analysis technologies
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Table 2-1-2 The present research status of ER application devices design, analysis,

and manufacturing technologies for vehicle devices
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Table 2-1-3 The present research status of ER application devices control technologies

for vehicle devices
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Table 2-2-1 Impending problems of ERF fabrication and ERF characteristic analysis

technologies
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Table 2-2-2 Impending problems of ER application devices design, analysis, and

manufacturing technologies for vehicle devices
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Table 2-2-3 Impending problems of ER application devices control technologies for

vehicle devices
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o

n
_'oﬁ‘.lo_SL

MW oo 2o A p2 [ ug
AU g‘i
ofl;L 0 }ﬂ

W2e WEE/F U %7]9 ER #1412 ]88 4 it PANIS ASwe 9z} v
S WA 28Y 4 Yok ¢ 05M o NaOH £0] PANI A4 2447 39
AT 2@ e PANI hize] A7 Sd <dtel, PANI 94xbsh NaOH

solution ©o] FH g olF= tle of 704zt Azhe] 29 W AFY 93, pHr o
8.5~9 Atelol A A7] A=mst wkAEA G2 10°/m F= et} dedoping 5 13
B O A7d & 60C2 F7] FolA AdxEn, 40T ATAM A4 =7t ge u
7HA AxEAT. AdxE YAES SAAPES o)A AT 100xm Fo] Apo]=o] A
UuEA QA PANIS S B4 ¢ zhzbe] 4slwo] ©E o3 A

Z o]&al M AezitH22].
=4S Fig. 3-1-60 vhehy it

() PANI 333504 94 5 7) e

SFollAM T3t ule} Zo] PANIE ER 3|2 A
U o Zasith gy dAG el Asts
o] H7I7HA W AlZke] Byl HlES o
dedoping §lo] PANIS] MEEE W37] A Ao o AEE Fov, 1d A%
& Z ol

PANIE 2840/t & %oi4 7lgavke Ae 2r%sch o7 =d & gle
PANIZ WH57) 98 @e) xS0 QAT o= A5 @AE AT, o] S§Aaw
O EY A e 3719 798 YRS rz_%;foa colloid 4= 73S Dilse)

[e]

_33_



. PANI 2 &3 %49 PMMA(poly methyl methacrylate)

oM o7& dedpdoping X2 gflo] PANI A% 2A3l7] 93 WHoz, PANI 9
A4 BdFe ERAR ARFT sl PANIS PMMASS] E3A) 5 (PA-PMMA)E
AHE-HATE B EE PANL 4o PMMAYE 53 49 a7t BxelAgh, ol A7
X PMMAS PANIZ FAHE EW AxAYAe PA-PMMAE A3t PMMAE
AFAE o8 BEASHLE G4, L dAE de F o882, PMMA F<

S wE ¥ 1 Ewo] PANI ZHL 943 e A=sign). Fig 3-1-72 PMMAY
FHol PANIZ} 28" 249 izl adeln], H7|%4<7 Al PANI % PA-PMMA
o ¥3HE e dEhdth 7189 R {49 dAEE AT e & 2L
7|2 st o224 Rdg w=sd ool AT PAPMMA systeme 730
W A 2715 7EAL 76, ER A9 o84 Rl AlxFlegr: B2 vhsAcl
At

N
)

©
o,
rrol
-4
ot

) UAe Azehed 717
24t ARBAATHI] 13 ke
A mwel g3 Er sadoz A Fd) £t JAHY AANE Faed 9
4u7e SRe BAHG FUY As9 FEYRE wex ol ZE
MMA (methyl methacrylate) @32} 2]z 7| A1 A<l AIBN(azobisbutyronitrile)-g 25T
ol 4 10wt% 9} 0.1wt%h = Z+Z} dwt% 2 PVP(poly vinyl pyrrolidone)E ¥H-$F methanol
o #FAMAZITH PVPE FellA Ad5e AAA 98-S st AWEdAolm methanole
Abe) otk wig-Ee] 2EE S5CE £ F 2443 FF wwdth gAHE 24m =
191 @824 PMMA YRS methanol2 A HEth PMMA  UAE 0.0095M<]
SDS(sodium dodecyl sulfate) 4=8-<4o] 5wt% B AA 7l &, SDS7F PMMA X Wl &
zZhd ¢ =R A3 mylgith. PA-PMMA49} PA-PMMA20S TH57] 8 ofdd &
FAE YolFoh (PMMA 100g 2 ZHZt 4g 3} 20g9] ofdd ©FAE ¥olFd) PMMA
#qWo] obd 84 HtE WA olddY FIg FHAs sy HM FFAAAA
hydroquinoneS A% 7}gtch. whEAl= HCle H7M2 AHdstdvhetdd d&A 7} of
d oobd2yg o]2o] Hop Fito] shssith. 2 F JHAAR APS &4 =27 A7)
H TS AZAET 71EY HAGTFA DA g AAIAS ERES of 060
A%, oly 3w AadolAel vabdel te AAAe Zu&e YA PANI 584
o] wg9l 122 a9t PA-PMMA 23#4= A &2 PANIS} vp7bx=Z NaOH
solutiong o] 48 pH ZAZ A7) AEEE o 10794 107/m B35 2 2257, 2
FAeolA 25T2 Ak R fAE 282 296 PAPMMA 9A4E 10vol% =

94, 78 PMMA QIAbe BA53e olgd AXHAG. BAFTFE 18R
7] A ol
2l

Eh

N
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TAHANA AZHNG. A7HH 54 wng 99 PANI 29 3EAE 99 22
O 7 2NN, vRIAR A2E @Yol 10vol%E FArE T

(2) PAPMMA 17} 54 £4

Fig. 3-1-8(a), (b)E 42t G TH YA PMMA 2 PA-PMMA ¢ake] FA A7)
] 3 (SEM) AbRolth (a)8 PMMAE 2xm 7)o DR 78 AAE o213 9)
or, FEgE FWE B F v (b)e PA-PMMA202] FAbAzL oA
PMMA®}  gdiel 3= sigete $AE RoAAFtH(Y¥s] Zad z™Ege
encapsulationo] © 7}7tch). HlE Ax} T AZ7|E Z7bstgA T, dEAMgoH #

1

A& A71E ZtE PA-PMMA a7t Hlon 9 w3k A5 0SS gsient
PA-PMMA ¢ PA 3 ® 9 F7+= TGA(thermogravimetric analysis)®} PA &2 73t
FAE Zege JHES B8 24, 2480 PMMAE 400CA A dollx) @
T Ue HEe ol doldle PAE Tl 2R FAE AdEAd. AEs 2 {Ads
°f 4L Y23 FeHo deleg ZHHJD FEEE 2-probed] picoameter(487,

Keithley, USA)E AME-3IH 11, #73735E impedance analyzer(4284A, HP, USA)E A&
stol ZAEAT PA 2 PA-PMMAS] E€4 EAS Table 3-1-19] @ okaldch #2144
T lkHzol X S4E gholth

(3) PA-PMMA 2 PAS) 27159 54 2 fA5A4

PA-PMMA 81 PA ER fAo f9 54L& 33%  #2nE(MC-120, Physica,
Germany)E AHE-slA SAHAT 79t A7 9 AU o FH712 AH_sk9
BEEA FHE MY HEE 2d RE(CSR)E Mgk HEF S 0.01s7 oA 1000s' 702 9] o
A SR, AHgE] Wz SHHAY ER FA9 F34 29 E H(dielectric spectra)
© impedance analyzer ¢} liquid fixture(16452A, HP, USA)-& o] & F 14 W9 20Hz%
B 10MHz 7}A) 2R354

Fig. 3-1-9% A&F Yo PANI ¢ PA-PMMA20°o] Ztzt 1000l% 2 22tE ER 8- 2]
EEE5AH € RAET F FFY ER A€ & o $E8Y -, 8 2 Bingham
FA 9 A5E HolFErh Bingham fA9 dwhAe ohgx 2oh24].

t=c,+ny (r>70) (3-1-10)
A71M = A UL B, o FESAL TIT o= PRY o/ FY A A
Toln, y=dy/dt v ADAY LS YeldY. AT He W AdHE s o oo
A EART 29AY e AAag Gl dA ATHIRTA AunEsy =
Zhell e} 2FA FASE Aol Helth oy JAFRGHE ol ER FA41¢ AFo]
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A3 ZEEAL HUT oA Hz d43} vidiEs 2oy,

of s g 2e FgH A28 UH9.
o]2# TdoA EHEITEL ER FAY 5AS AHsed F

g1} t} Fig. 3-1-109] Cole-Cole Ploto] ¢¢] dwg Hiwrzgin} 9 F

AESE 177 Fa5(w)7t F il
B Fuge Z7be] wet gaste, §7 ¢4 (dielectric loss)2
d | HE HAYh Fig. 3-1-118 #3 ~HEYAA 42 ZAH/E o}
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= +e =€t

(1-a)e B ol AZMEIZE YU e HEolw =04 2%, 2(3-111) & 4353
Debyeo] ©@2 o]ghA|Zt md g ZA4HEY o7l 1 SAZALE 9 o] gk} 2(3-1-11)0]
Uoldle 45 Table 3-1-20] A3t & e = ARAAZRE A 72 5 2
Ak Cole-Cole ellX & " &9 23 HHOo2RE 78 § Utk Aec=c, -6w & ER
FAY E3=E Jedn, 45 A73A7 A E 92 ATeg Frhe #A U
A7y AFe gdor Hopd Ag, de-gHe Fyht o]fejWt} yolr}t Haot tans
(e’ /e”) 7} ER fAl2] EAS ZAste b F83 98L& et Aldsidnh

B oAgeA HIE PANI g7 7b8 22 {1448 7FA3 A", PANI ER A
o 6o Se7k FMF & & YEUUAT. olRA& PANI ER fAH9 HHEF
PA-PMMA ER fA]¢ ZHEZHTH ¢ 31:} 15 o] Ao A 9]
PMMA~7} PA-PMMA ER & ¢x2] PANIe orZ= 9lt}.
Eg ol AlF =AM 4= ER FA O AT & dFo] gloke

s
s

lo rlr
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4) 2 &

A4 PMMA 748 S5, Bdx4d20 PANIF £8 %9 e #4938 A7)9
TEAAE FEAL(PA-PMMA), AA o #2HAA ER FA4E A =g th SEM, TGA,
impedance analysis, & %3 PA-PMMA A9 E8d 548 435t PA-PMMA
UAZ F4E ER FA+= Zdﬁﬂliol ER A9 AFS BRIt YA F4AFY HAA
PMMA= PANIS] E9H £ S Fd =H9Eqoz QAL ¢
o gL 27 BEAYZ AT g PANI% ZAEZ AAA PMMAY 8 %ol
78 AAE Axdt 19 Ao

J4
o
ri
ch:
:L
kY

i
P

ot A4 Clayel] &7t 419 ¥ Poly Ethoxyaniline

033

B3k dedopingx €] glo] wEAE Aol PANI & W=
E E 4 Utk B A+ 23 9 71$9] PANI/day
FAEE 77 Hdell, 44 durFd 282/ clay W= %JH gol e Lopnw
2 1990 2ol 4 =eE TFANAM dded FUIstAE HAE clayz
A el §YACR I8 U Be AL 2 oIz, T8/cly
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= BAMEAM vizET & 4 o
B2l /clay YB3 AE Azt WHols A Al 7FA7F e, solvent casting
, in-situ polymerization¥, melt mixing®¥©] 173 ©]t}[28-30]. Solvent casting™-2 T #|
& Gufoll Ztzh EARS} clayE ¥ Fol A2 EFste Aotk of o cayrt &
Baso] LEATF clayd] F AtolE HFSH7I7F Solsiith. 44 At 5
g AASA HE ] BFA Mol AojAA dHrh. BulE ALgst A
Bgo] Basts] WEel AA B4 AolHE @ol xeld FAW Ao A
‘f‘“ﬂ olt}. In-situ polymerization& 182} F3of| AL GA &do clays
2 5 ANAE Wl FYAAN BEAS Azste wclth o W welA 22
day% A FiE 9N el ol W Y T FUA wad
A FrhsEA J0] BE B4EE dayEe AR Dol oz gt
] utelelA "ok BRE fud =2 g= Odﬁg} aEAe BEAE Axsr] ¢
ARE-Eth v et 2 melt mixingH-2 E7taA IEAE brabenderi} extruderzt--
o 93 G848 A claysh #7 mixingshel ®YAE Azshe Pyl

0 &8FH IEAI} clayE Alo]E mass transportZt dojut F7F AYE FE
(intercalated structure)E& sty BgAd] 7lelAl= AH-SHLE clayF 9 #HEFAH S
FEth oY 2AE FUNOLE olddMe] LEIM annealingolehs F71HHo
Posith 12 AgshA gobd 44 Tl 49 BHeld T 4 Ak
GreBeAe) $2E 548 $ASY] A8A Xray B4 EAXRD)E Bel A8
[31]. clay$} 3Ezpe] YR Fxo| wrE XRD Jq_:z sjele] Fig. 3-1-12¢] yelgich 4
g AEA AbEo] claye] F AtolZ FFEEH ASle] HAEAE FEA Y #H peakdt
w3 cayel 3d peakg A=E Hlws] W & 4 vk o] uf EA S A peako]
claye) 22 peakiit) A2 RAHUGN FUAU] HAFHT. Dok ok7Y peake]
B EA avd HHHJGL B 5 QU olAS F
wEe clay7b AFA matrix¢tel] FHH ez FArH
drtFoz YyeEgAds dd T2 30 4
I FHAAERBES o]-&sted &g

B dFddME ol8g A/ cday WA AlAsE M7F¥H d4Es Yl A

o 3

A
I

=2
x
-

o

¥

|

O

o
2 £

f
e
jin
it
-4
N
b
—
P
bl
%2,
o
2
x
=
<
tot
i

28] £98e] ER SAS Azstn 279 A7)ewsts EAS dubz|ol HWow
Azd ER A9 vlwste Both fdA AFge YeEdAEY Azl 5 8 dF

9] PEOA/clay U= E-3x] 8+ solvent intercalation method®] W o 2 A xSt
ofof ¢kA 7)&Eo] Hi1HE in-situ polymerization WH o & A x2H PANI/clay Y&
€ ol s}

Azl s} Lotrd &3 guv}h Clay:e Na'-MontmorilloniteE AFE# 3, =% s}
€ 3t 7|AAlZ DBSA(dodecylbenzenesulonic acid) ¢ CSA(camphorsulfonic acid)&
Ztzy AR RTH32]. claye] FEFE Fotrr] 948 clay’t §le PANI: FHHAUT. 73
TEHHE AR, oldY @EFAY WE caye] FAHIE 1bwtheltt. Na-MMT= 5
Frol E4E F 289 7HE F8 BEET clay BEA w3k obdd e 23 A
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= U golsttt. DBSAE =RES FIA(AUBHA) AT FAlo] 3tk DBSAE
Fgadol X obdA FEA(ZFS) o %k DBSAS] obdd wAle] h@ Bui
05, 1.25, 1.5, 2M Ol‘:]-. frotef& 25T A w87 el clay Aeted s &35} 23}
AAAE APSOlH, Siel ez ¥ w71 S2ART. SIS HIE W2 £
e T G A i iy
day 7 Eob S PANIE 39 9371Az FBEHS o 2HED. PANIY
cday ¥ At XRDS} TEME %3 #HAsAch Fg 31138 day/l 9le
PANI-DBSA, clayE ¥H-f3 PANI-DBSA/clay$} clay 312 XRD ZA#o|t}. clay gallary
o sizels Th s} 2o Bragg's 41 Agate] AusE LG

nA=2dsin ¢ (3-1-12)

A7IM n=lejm, A& Fd9 sgoz oF 154nmmo|®, de d-spacing ©o|™ clay<]
gallary sizeE UEMHTE  claye] XRD AHE B oF %A 937} JelhUs AL 2
T St ol AEB112)E ol&3f AEE & 1nm FE7F dow, o|Re ztzte
clay & Atole] 7tA-& yeldit}. PANI-DBSA/clayS B PANI-DBSA] A=
6%l A m=7 YeEldes AL B £ gon, 2)(3-1-12) 2 85 °F 1.5nmi}t=
Ut ©] 71 PANI-DBSA7} clay &7bol] AFlE o] clay £7t¢] 7Hzo] Z7}e 7o
A = Aok TEAY cay 3} AYE FLHE G2 =32 TEMS 55 9
Fig.  3-1-14v  200kV  accelation voltageZ #%93% PANI-DBCA/ clay/]
TEM(Philips-CM30) A}zlolt}, 7o AHMEL z17e clay=g ofn|shm, 3o wA
PANI-DBSAE |7 #th PANL-DBSA/clays d&Ae 049 72 7kx1 ges
A% 5 At A71F EAE AL 4-probe picoameter(Keithley)E o] 83t &4 35140
AL 2 H2r £xdsld wE IAxx B8 £3 ;L_z_s-_»_\q W e AH7A
A% StETE ALl A PANI-DBSA(1.25M) ¢} PANI-DBSA/clay(125M)= HAE%
2}7} 8.34S/cm ¥} 025S/cmo|t}. EH|&o] e ATE WS Table 3-1-3¢] & oFaldq]
TR AEEe &% 9FA AYPo|r] PANLDBSA % PANI-DBSA/clay:
1D-VRH(quasi-one dimensional variable range hopping)Z @& uwl&c}h VRHY 42 t}
3 2o 1249 VRHe|A dzte 10]ch33].

w
o

£ K %> rr

o
ox rlo
c

B e

£ r}r i

jo

0il T)=o,exp[ —(T,/ T)*' "] (3-1-13)

Fig. 3-1-15% PANI-DBSA/clay % PANI-DBSA/clay2] 1D-VRH ZA#o|t} gut= AT
T8 wste], T=16/[Lil’ \NEpKB]EA Lyl 1) JLEA AAo] Fahak AR Zoj& on]
3™, N(EpE Fermi FHoAMe WEAEHE guidd. g 7L T.&
PANI-DBSA, PANI-DBSA/clayollX 2z}Z} ~900K, ~6600Ke]th o] A& PANI-DBSA7}
PANI-DBSA/clay®t} BT 2 AxA Jdd A= AL BoEFr)h o|AL dayr}
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- T:
8 [ TR
5 RaAND BUE T 4 ¢ ) T Ao,
B
ne

2t
2 ¥F7le YAT ER A Zad
HJ@E*Q 039%77W Wzt e dddh & &714 =23} g (dedoping A2 {lo] viE
ER ##9 A2 w=% ) PANI-DBSA/clay 3} dedoping A& "8 =2 3}
NaOH &g o]&3sjA PANLDBSA/clay ¢ A3x2 ZA3ted WAz d9el
10°S/em 7AA AREE @& F A7Hd 23S SAch dedyH d¥8e A9
PA-PMMA A3 3 FdatA 3ttt Fig 3-1-162 CSR ZEoA o Z&54H FHE v
ghditt 99 PA-PMMASH g 2o Al g g A s 7 Al 4T s
A, AEeH e Zat ®Bolx @vh (1L2AV/mmiME dee
BEe o A7 dastth) ol AY Aol o3 é
F A7 o8 AFvTE7F A¥AEEe el ™ ELE}% BoFo. Fig. 3-1-172
PANI-DBSA/clay ER A& H717¢ Al71e] digt AFEe Epdith 493 ER A
o AEIYT AL 6kV/mmo) A < 300mA/m°o]th. PANI-DBSA/clay ER 3= 4%
A ARG @R e gholn, oA L HUA NS RAFH Fig 3-1-182
PANI-DBSA/clay €} PANI-CSA/clay9] #A7]Hx% 1-D VRH 2de AAE HoAFH
A7AEH EAY #AE RolE PANI-DBSA/clayet &2l PANI-CSA/clay?] A%+ ¥
zpolE HolA) etk 1AL PANL-CSA/clays| A& PANIZ} clay & & Atol& 44¢]
7 FAle clay 9 FHE FEN7] BEY Ao TH34]

3‘.>,\1

i
£ o

i

ot

(1) PEOA/clay ER §2 dx<f Ajx

¥

WA B AL PANIE clay £A)3}d] #3135 3ste= & in-situ polymerizations o83l
PANI/clay®] U=BgAgclth £ dyises 7182478 772 A8 5349 v
E¥dadad A8 F453 o] AEE ER FA9 Az AHEednt. L& A-clay 5%
Aze 71AA Ao £i1, 712 FHErt von, £ 44 42S 7R oA o
o wopol Al A& T glon, AEAREAays) RYARE FE I FHE 5
4e ety AEATRA EoPdAPANDE R4 43, 8L Aol £
= 288 Ao, 4340l Yol Was sl g g%t A
ddo] -CHs, -OCHs, v -OGHs 5¢ diAsty fF=A& AT
o -OGHs71& =918t Zg o EAxo}dAPEOA)S AL #71X8H clay(OMMT)
ol F3rol Adshe WSR2 solvent castinge] 93l T AUE U=EFAE FA%
2 delE 2o BUAA ER #AE AzATh G4 PEOA 9
me =40 o 479D dayol FRAYS 247 1) BE AEEY G 2
5] 0 5k

.

|
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(2) PEOA/claydAFe] EAHE A

o)

Fig. 3-1-199} XRD 4d¢le] Aotz F3b 4Fl€ PEOAC o3 ¢5e HEY 53 A
g9 7t ARE FAE 4 ded, OMMTY 2409 e 4.8°1.84nm)o]H]
PEOA-OMMT Wi B84l H-$ PEOA §1A7F pH=13} pH=7% Ao 2472 2.35°
(3.76nm)} 2.74° (3.22nm)& Z}z} VEbdTh d-spacinge] MAEE e =2k A} f
Hold48 Yehde 939 93 sgao2 o5 "tk PEOA/OMMT U & 3§54
o A FRAAEN G Ao w g2l JhEEit
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Table 3-1-1 PA layer thickness and electrical properties of PA-PMMA and PA

PA layer Weight . : }
Smaple code | thickness percent Conductivity | Dielectric
(S/cm) constant
(nm) of PA
PA-PMMA 4 11 3.6 3.2x 1010 6.82
PA-PMMA 20 52 17.7 8.0 x 107 15.75
PA 100 1.0 x 10°1 6.99

Table 3-1-2 Parameters in eqn. (3-1-11) obtained via the dielectric spectra of

electrorheological fluids

ER fluids g, € Ae=gg,| M) o
PA-PMMA4 3.6 2.72 0.88 0.002 0.50
PA-PMMA20 4.2 2.72 1.48 0.020 0.50

PA 5.7 2.96 2.74 0.040 0.41
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Table 3-1-3 ¢ 4(RT) and the Slope of ¢ 4(T), To of the PAN-DBSA and
PAN-DBSA/clay samples

Molar PAN-DBSA PAN-DBSA/clay
ratio(M) | 5 (Sfem) | T,K) |ou(Slem)| T, (K)
0.5 2.16 4500 0.19 8500
1.25 8.34 900 0.25 6600
1.5 0.33 2300 0.64 4800

2 0.32 4500 1.5 3600

Table 3-1-4 Dispersion polymerization of aniline with various weight
fractions of PMVEMA stabilizer

Sample PMVEMA | PMVEMA pH
PANI-48 5.52 48 0.85
PANI-61 6.9 61 0.80
PANI-94 10.19 94 0.80
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polarizable particle

| >

@ .
PR insulating oil

%0°
P,

chainlike or
columnar structure

(body-centered tetragonal)
(R. Tao and J. M. Sun, PRL
67:398 (1991))

particle migration
dipole-dipole interaction
chain formation

(W. M. Winslow, J. Appl. Phys. 20: 1137 (1949))

Fig. 3-1-1 Scheme of electrorheological behavior

E0=E0ez

(1) Attraction (2) Repulsion

(3) Rotation & Alignment

Fig. 3-1-2 Coordinate system for a paris of particles in electric field
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Fig. 3-1-3 The photograph of 7 heometer equipped with high voltage generator

H.V.

L

Fig. 3-1-4 The scheme of alignment of particle under applied electric field
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NH O NH  + 12 H® + 10 507

Fig. 3-1-5 Overall reaction of oxidation polymerization of PANI

Biue Protonated Pemigraniline Violet Pemigraniline Base
~N\ & LN e R _+2H® = 2N /T
{ ) N NH—({ F - o
| 4]
fe‘
Green Protonated Emeraidine Blue Erreraldine Base

00|« DT

Colouress Leucoemeraidine

Fig. 3-1-6 PANI forms and their interconversions
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Electric field direction
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PA-PMMA ER fluid PANI ER fluid

Fig. 3-1-7 Schematic comparison for polarization behavior between PA-PMMA and
PANI particles under an electric field

Fig. 3-1-8 Scanning electron microscopy photos of (a) PMMA seed particles and
(b) PA-PMMAZ20 particles
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Fig. 3-1-9 Shear stress versus shear rate for PA and PA-PMMA based
electrorheological fluids under various electric field strengths
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Fig. 3-1-10 Cole-Cole arc of electrorheological fluids
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O Oxygens @ Hydroxy . i iron,

O and @ Silicon, occasionally aluminum

Fig. 3-1-11 Structure of smectite group clay
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Fig. 3-1-12 XRD pattern of polymer/clay nanocomposite
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Fig. 3-1-13 Comparison of XRD patterns for the clay, PAN-DBSA and PAN-DBSA/clay
samples

Fig. 3-1-14 TEM photograph of the nanocomposite of PAN-DBSA/clay sample
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Fig. 3-1-15 Temperature dependence of ¢4 of PAN-DBSA and PAN-DBSA/clay
samples
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Fig. 3-1-16 Shear stress versus shear rate of PAN/clay composite suspensions at

various electric field strengths
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Fig. 3-1-17 Change in current density with varying electric field strengths
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Fig. 3-1-18 Comparison of temperature dependence of o 4. of (a) PAN-DBSA and
PAN-DBSA/clay and (b) PAN-CSA and PAN-CSA/clay
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Fig. 3-1-19 XRD pattern of PEOA/clay nanocomposite
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Fig. 3-1-20 Static yield stress versus electric field strength for PEOA/organoclay
nanocomposite suspensions
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Fig. 3-1-21 The scheme of formation of PANI particles with PMVEMA stabilizer

Fig. 3-1-22 A TEM photo of the PANI-48 PMVEMA dispersion
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Fig. 3-1-23 A SEM photo of dried PANI-48 PMVEMA
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Fig. 3-1-24 Shear stress versus shear rate for 15wt% of PANI-48
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dojth. ER fFAlE 7 £ 33 A AYFTZEE 223 e FEU S (Newtonian) |
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det. dvrdoz ALHD Yv YPRIL s, ER @97 yehls o
e mdEsx zag. aw, FaH:s
MR(magneto-rheological) A& o] &3 W] Hfolx= ER H
Bolx gSIt}51]. o]zjg ER B MREH ojfd@FE 487 st nonlinear
hysteretic biviscous ® @ [50,51], nonlinear viscoelastic plastic®. 2
polynomial 2= [53] o] A<= Atk

£ AFdAE A4 F8F 83 4AE F e W¥Y A

g
¥ ER 99E Agstgon, aE4Pe Fotel ¥3hs o e
o Wae RFHGD, 74 £ Aste] gstol PR olF Aol Yehtn e A
2 AgHoE HAsdgeh o|W@Ye EWHA ZoAW GeF Bingham 2, 122l3
ER @w)e] st amst 7hame 7 E ko912 (compliance) Eoph wmedd §4%) 8t

g
4 mdge] 2A% HydraulicZd g o] gslo] ER @nel @3e =dae 4% ¥,
A9ane ¥ R vagony 7 vl Feuy g4

ER 939 T2 Fig 3-2-140] £A3gGth. ER W=

B A7A Ats Ad93

A, WH Hdy 28 g2go® Y 4 glon, WS ddy Aolddl=
ERFA7F 535S YE(duc)® FAHIT WS Add e} 2246 e 42 (+), (1)
Aol A5l AFAolE REde ERFAlC ANFe Raiste A=y A4Ts ¢
Tk IAES FHOE AES AEAY, olfEE SPEAME Ao, o F An
ERFA7F 25 drh. dF71e ojsle] 3 2EZ = (piston rod)9t HAELS A8 &
TE A Hol % AW fAT WF: AU Aleld FAE dF HEES T34
e Zo AWz FEsA "o AW e 34 F ORE S 9 Ry IaFE &
o} Hy ojRo JtaAWE FAREG. REI2E(floating pistion) B Y 7AW F4
g F2E 2Eo $FoR IRAHE AsfAe FAT dHWSE Fostn ol 24
3 5 e 71X 59 9FE BAe 9 dBF 0ve fA FAE FEsie 5
%7 (accumulator) 2 =53 A FHo}

AZE ER o] A=
35mmolth. AZ7+A L %iﬂ-ﬂ Qs

A 99RA 799 wué% FnEAl] A8 EHel Joens Yp
AYEA0E StaW e Thage HAEREY Ay AEA 30barols, @we

£ A%20mme) 3AHY oz ARGt ER W57} 2 Frebound) £5E T
e (MR, VUEFY FEounce) S EY W FBHE o HA
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Fig. 3-2-15% 14Hzo] ¥ 72 ER AHE 710sle] 42 H3H S H2E 289 £
To] WEte] wAIG Zolth HUI ¥ R3 Al Hu 20089 @sgFHo] dAEHIo
4kVmme] @77 Bsk Al Hol 1200N8] g o] daso] o 1000Ne] Ao} 7hseh &
P A & AN AFAGelq B & dFe] FEo REIL wpE HE S5 4
Ao A o]d@Ato]l Jehtm gtk o2 ER HH 9 o|FEG IF< WA= 2902

2
A, §A9) SE7H S vt A
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32 1 oft
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_Q,
of, o
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ER 79 A% oz g 2 WY B2 BIT F 054

flo

r= 17+ r(E)sgn(7), tE)=aE’ (3-2-8)

G714, = ER #A9 dag, pu AAAF 5 A, (B IFAESHL
ZA, A71% Eoll Wete] A on Frach nddSF o A5 = ER A4 A
48 guis} Ao FFH, 24, 2L T o AAHE 2f SAHA T d
Y mdg o]gste] ER ¥ #HEH =
Az, 7k Aue yirgge ZE Wwgor dYstA Fgoted, FRPgel 1
gEae Qe ez Mgsay ® o

Fig. 3-2-169] Yehlen, @@ e Auigae a2 2o{5153]

F=cox+ Fpp(E) sgn(x) (3-2-9)

E %5, Fp(Be 2717 F8t5 S8t 22¥< 7}
o Feroln], A AAMSF A28 vehd WY vl
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(2) Hydraulic =4

Fig. 3-2-17& B dAFo|A A¢+e hydraulic 2@ 2] hydraulic-mechanical 45& Y&
dch. Hydraulic2 92 ER @99 {2988 mddg Fate] o - Rm e JEato]

2 (Cy, Gp), 7h=RIme] BEDIAX (C,), AFAPlE e ER #4934 (1)
ol myAETH &, FAMALN A3 FrEAGH MGl g spwidg o] ER # A<
W) wdo) A%t Hydraulic =g n&Eo.

WA, ER fA7h 132 Bl £5T W wAHE AA GRS (PE HEH R

AP= P~ Py=1;A;x;+R;A; ;AP grsgn( %) (3-2-10)
o 7] A
l 129/ l
If——frf, Rf=_b;?7,APER*2—h r(E) (3-2-11)
471 AellA, P& AW e, pE ARAMY M, AP ER A9 #EL
ol ol qtEdstolt)t x = FR fA #Adel W, AF M5 &@9d, 2 A5

TEHG
CiP =—Asxpt Aix—Acy (3-2-12)
CoPy=A;x— Ayx (3-2-13)
CoPy=Acy (3-2-14)

AZIM, Ay, A B ARBue] A P2EWA, AL st faEws, jE
AW el RESAEY S5, P sagmel otk 2)(3-212)~(3-2-14)00 4,
P, Py P, y% 2713te] ER¥B e B98¢ thg3t 2o| Yed £ Ao

F:APAP: fof+ Cf)éf"f’ FEngn(Jéf)

my %+ e xp+ Frpsgn(x) + kixy= kix (3-2-15)
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A+ A A;A, AA
Apx"—l_z“z‘; M= IfApr, Cr= RfAfAI;, FER:ApAPERI klz( fc 2 + éz 2
AA, A,A ky
fey lcz‘ - é; 2), Cl=C+C, Ci=0Cy A= (3-2-16)

2 | Ao veld 2(6-2-152 %9
9 Hydraulic < 2xa, 93, 2gepdasg EAst] Fig 3-2-1891 YERH AT

(1) Bingham 2.9

Qe s, WY 2 welEge AFHAMFEZRE 43299 e
sdguEE d28 5 9 Y, dEAe AYgAE e AT nol
] @

o W2

A =8, A4 }Ex} Arpaade A Y4 Ade dRozyE dojd iy

= Hg3te Aol Hrp APt w}aw £ AgeME 7 2o depiHg o

AFA N eled = H ) =&l  Maslaho Antimi ion tool ol sled wdsololel el A
“1| [ == g | + AYIG UL~ VL i L I t o = 1 } i t

Ko Frn) = 2 [At)— Ktd]* (3-2-17)

s

A7, AtgS HNt)E 47 A polA dAz 338 W399 wdseiE e 7
z79] oste] RAERH Adse 39S v

Fig. 3-2-19% Bingham 2 @9} 33
et F7kehe A%E HO|BE, ER
A Ztste AL & & ATk FER% 7 717
33, 0kVo A 9] Feed ER ® 9 Al oA Z-&3she= Coulombwhzto] 23t
olth. ¥, Fig. 3-2-199] = % Wgey zdary Add @8He] 3ol
Jete eabe o] £48 ol gstgen, of 10%E AdH A

o maAselEE 2AG A02A,
WA WAl Fobgol wat

to Asgenoz F75n 3

£
rﬂL
2 0

il

(L B - T .

100
[ Sy ’

Error{ %)=
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Fig. 3-2-202 Fig. 3-2-19¢] vehd 2dag|ng & of&3te] ALte @83 4o
BE oo dgPAL I E/\]—s}o:; H5sk Aolth, Bingham =2do] 7ZA$ ZgE
(post-yield)@ ol M o] Hge e APx e} & FetabAwh, £57F w2 4%‘%(P08t‘yield)
QAo Ao olHHAL TEFA %3}04 £ BE7t uiPE Omfsecolr] B ¢
27b 323 717 2+, Bingham 9L ER @H 9] H3E o Gor ] Ol?ﬁ?ﬁ*&—%
3R FEsle @S 7HA T A o]¢F o] Bingham ZdS ER dye o|ddANE
deetAl xdsA = Lt A A ol AT Rdy WyelH ol ¥ H4Y

o

Edolt} hydraulic Zdo)] Blgle] vf$ 1hgst =202 FAHHDZ AojdaEF +3
A wol AgF: gk

(2) Hydraulic 29

21(3-2-15)¢ YEld Hydraulic 2l o] slgbu|gi 2 17317 Y3te] g3 22 AeA¢
=SS =g

1ru

Joms . cr, Fer ki k)= gl[f(tk) — At (3-2-19)

O

]q’ jJra}UlEi Mg Cp ky
HolA o, k(FFAMY Zg)el M4 A F
. Feg& 2(3-2-16)dA & & Axol, A7 didte] A
et d3Ey Rd2 R A" HEEe] xolE
olf3lg o, 1%olsl2 Jeht} Wal mexcy X3k

. #Agd Hydraulic 229 stejr|g et 7tz e
& HFHE A A8k Fig 3-2-22¢] ey
o] & FEFstes AE FA & F UH 539,
ol AfAez Yy 3t HydraulicZd2 =
Al ER #H 9] olgddNd S & vehd 4 Utk Fig
< UM ¢& Hydraulic 29 3}
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444 R 95T Agstel 9
hydraulicE g o] £Q dgvg g 3
we Fobo APEYA o)

7F A&

ER frAl= #otes 2718 date 7hgAola, A&sA st 49 wsts yet
doh ol A7 A7l e gE-gEe FrE dsHos Wigd £ dE AL Y
Plgtth o]2f3k ER frAlE ©] 83l ER £Yd4ME HAE $ 9on, ER 494
G 4 Aladed HEgHo] AFAold ERHeg FgH 4 H55~58]. ER %4
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BoAdFdME ER &AM E83d HAAE st FALIHML FHsA
Phillip[59]7} A<ttt T2 .1011 ER £daw 5L Foste 2
stach AtE FareAe AAdA P, Aoju], FAAAS

b2 ste] 1/431%e] Alojds S st
7} 7?@%%%‘% TG 87 AARAE BEATe A=

ol2%H Hdl 27d9Y 7
AAMSE F8H02 737 At FALLAYEE ANG F, ol =Aste] ER
SHaHE At 4FH A4E Fot FALALFHA Aol MuFo A,
At FALAAN S FELS 22T

Fig. 3-2-24%= FER=% ER #4aWe 725 vetdth ER o= J289 &
ol ugt Wl SA-TY Atole] HEE Fdtd ERFAV fed 4 A=EF o W54
Aot gAY eE ER fA9 A7 Rapste A5 e Itk J2ES T
Moz %S ARAY, ofdE e RAWI Folsin, F P e ERFAVE T
ol gtk 7laAME 4T P2rERE9 L5 YN A FA4% 4
& Foti AvHodS wAste 48 9 Fd g FA FAE FEI}=
&g gt

HAaEdx)Eo] A=) Hisle] AYFeg zd, HH AolE FE5hE ERFAIY
T8 AL dAUFE o dFdse 242 HEE & AvH6eled] BHA Aol
g FF3he ERFAY A8 pule oo T4z dFHBI.

p= PP,, , (3-2-20)
T= Zl;f;, (3-2-21)

o 7]A,
Py =0 p - Zryf(lE) - zahEB (3-2-22)

P TE RAA FAALH RS §5

S8 g FARYLHPHE qujgith. P A
AgE ], P, = Newtonian f%59 ¢4# =

ER FA9 a8o] A2t e e

S-S vebdth g9t (E)€ ER
FAY 7Rz} FESHS 24 a® A p= ERFAY 1
A2 MY APE T3t dold § Yok FRAGHE T pe A7 Fsb A9
%‘fﬂ?ﬂﬂﬁ} AVE F B8 A9 Ha G vE A, pot 7o #hol
ER 2 iAaw e Az Aol ax7) A8 g. pst T& thed o] 3zt9 £ard

o

J 2 oox

ad iy
o D -

ft



(3-2-23)
(3-2-24)

at+ bT

P—1+3DP+4T°=0
P

21(3-2-23)9] & 3E YEhYY, 1749 2vke] EEAo R oy} glow, o

F7] HAsiM=

)

Al

K

=

)

of

FaASr e 2ALg

St

9

A H

(3-2-25)
(3-2-26)
ted, A
(3-2-27)
(3-2-28)

[ez]
H

i<

Eo
=1

H

Fof 8% of
ol

4] o] B] (dynamic

5 %

4(3-224)9] o]

HolAl AR, ER

o A
Hl 2 Ao

b, 2 A7M o8 4 19

=

=

¢,=

4

v

atodof
0< 7<159] =7l A, 21(3-2-24)7F 4](3-2-23)fl
2n(r+t+ h/2) =2ar

CEED

Ny

t(E) ]

7

T

A
(3-2-20,21,22,25,26)

=

A 7F b @A}

- 71 -
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(3-2-29)
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sk
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bl %

3|

VUERITE 21(3-2-21,26,28) 5 2] (3-2-29)¢] Th

=
ol&E

Kol
=]

(3-2-30)

g+ L b 8

br=

371,

F
6rnv,L

(3-2-31)
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(vi) (i)l » (@) Foo,5 232310 st A2Zo] L 73

2 dFdX e ol AAIT EADEAAYE o] fsle 838 ER £¢4AHE 443
Atk WA, ()o HAQEFHE F, JAESE ]
1/4x 53298 5188t 1/4xp2nd o] AujutA A them o] g3l

mexs+ c(x,~ x,) + Frsgn(x,— %)+ Ut k{x,—s,)=0

mx,+ c(xy,—~ x)+ Frsgn(x,— x) — Ut klx,— s+ klx,—x,)=0 (3-2-32)

71X, mye sprung "2, m,= unsprung W2, cE WIHASE, Foe 0bEE, pE A
MNA2Z PR, ke Efolole] axyadsolth «, 1, 1,2 sprung w2, unsprung v
, =WTbRel WY E 24z YeEldith U ER & 4By AN E st gEs
njgttt, 1/4x %5 do] g9 stedvle m=250kg, m,=29.5kg, =1000Nsec/m, F,
=70N, £,=20.6kN/m, £=200kN/mo|t}. F,& 7]%¢] ER & JAHA|HoA dojz gt
< ol&3tAt

ER & am o) AFA %S Fsy] Ao, AoE a8k &S A9 7127 4

A

,‘[—5‘_ o]
FolHdth =W &R 9 AEL 0.1lm/secE AR YT} sprung w20 &

P 2

1>
t

o

ol
o

i

al
% HAELEL = (x,— x,)E Fig. 3-2-27(a), (b)o] A8ttt 1000Nsec/me] &3
sprung W29 Ht) £% 5 02m/secE A|3HeTh Fig. 3-2-27(c)= WP 1
A #A H99E vdehdnh ARI2ESE 017m/secd] 3
L e Ee ER £¢44H] 7hH @3 Es o] 431y
15A18 H3te] ool T3t 27t F(sky-hook)#]
S 9nEhs AAdEL gg Zo] Folzn.

2 X o ¥ oox
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o
o
olr
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O [e] —
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U=U forx,(x,—x,)>0

U=0 forx,(x;— x,)<0 (3-2-34)

Fig. 3-2-28(a)= ZFAAE Fadg A9 FsA &2 A-¢ sprung W29 £ 5
Hu gk Zolth AsAg F33 2 FAH A A sprung w29 £x71 a3
o2 A" AL FAF & Ut} Fig 3-2-28(b)e 27t0]F Alo] 8o g 7HE 7hd
HEHE A Aolth 1/4x%Y FsAodsaidez e Hd 27933 600N
e & 7 vk =P, ER YL AAEE 53 2o F,=170N, 0,=0.17m/sec,

U=720N. o714, 27 Aojde dA4 1271 nHAtk 2=, Aderdsd F, ¢
Aolul @, = 890N 522 AUt}

@), @ AAE, F, Ao ¢0p, HANHFH F, J2EELE 9,5 1/434%F] WFA ]
Hee nAFozn AR EUT 283, (i)olA ER f419 B3 E4x o9 g &
7} 1959} 152 FaldAoh HAY A7|Ae 4hV/mmz Aese ER §49 Adnas
YRR, 4kV/mme] HB7)4) oste] ER §Al= 1560Pa] &
(iv)el 3 9 o= 1522 Alteed, A=7= he A8 AJ] 1mmE BA At Fig.
3-2-29(a)= 0.7} 15220 A9 AofH] 0,8 FALATHST 0,9 Wz} A =Ag A

e
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)
o
it

S
>
2,
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FRLEAAY o2 RE TR ﬂléwﬂ&ﬂ—?u v, Bl =AY, FEEEF EREY
aWME AFeiglen, Fig. 3-2-309 Uetliith Fig. 3-2:312 FadAojw] 9,9 742l
R

0,9 AZAst AYAE MG Folch WY wHE FAANGS) FF
A EASET AEA s FPA} vy & 2EsHm Yok Fig 32320)E 5
BEg ATGGA Uehd Aotk SRS A/E 017mbecold, T3

=
do A rfr o2 oo

14Hzoltt. @3 8-&£5= MAXE Fig. 3-2-32(b)o] Uehldch Avjge g @ggo
FAZE dSA e Z Feta ok whebs, Aetd FAadaA 2 AAMe] Bgdr
4ol dFHEUT

& 4 &

ER &iamel aazQl AAE A Fadsida A /gt At 7
A2 W, FAEEgY, PAAASHEE 7T TS Fate A
71780 we @ AojH g 45T 5 UEF AT ER £9aH AAANRE 44
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#7174 X (seat suspension)Fo] o™, olo] o

1Th[69] olof £ ATolrs PMAAES ERHA
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A
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suspension), %3

[e]
7F. ER9 3 me
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ERFAl o] =

(3-2-35)

l+= wEUYH(Newtonian) &
A &5 u|(shear rate)o]H,

[

o

S

ER 49
£t e 432358 thAl 2

Jepp T 7

-
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=

r,(E)

=7+ ,(E)

b gk o2 &

b Alols FAYATT AfRo] &5
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=

717 Eof Avlefl A FHel #A

(3-2-36)
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71X ook fEES ER FA19 SLfA2A, £ Aol 4" PMAAYE ER A9 5
SHE IUEFPe o BANCE EEY 5+ ot

B 7oA Aerd ER §H9 TxE Fig 3-2-3394 BE uieh 2ot ERGAZE 93
HE Aol #3538 W EAste FAATE & go] Fojh

R 12nL

< b (3-2-37)
L& ®A=4o], b= A%, he d50Folnt. &8 A7) §3H4] ER #FA9 g
%‘7]'01] m}% ‘?:}9—21.70}"3} PER % E}"%‘ﬂ]’ 7ELO] —Zrcﬂ?ﬂ\i}

L oL s
PER = 2;Ty(E) = ZZC(E (3-2-38)
thest 2o ER 9o Wy 2de A & Ao
2
F,=2r  sen(i
d i r/tER r (3_2_39)
AN 5,9 £ AAES Wel W SRolX, ok laBwe AEeldzeln, 4,
S A FAE 2ES AR wWAE guit T8, £ BR W 993,

Ve S2E &, a8a vV, & FiE 22O &Tolth

S} &G ER AE @¥e) AFEL 47, AU R AE @] s2 @9 (4

B B), dol, A7) 5 AWANGL AA FEAFS VFo2 ALK
. o £2E AW WHAE olgste] AFE AReAIAE Fastel IR
4% 47 slebulE S SS9 Table 3218 A7AE ER A& 95 27e] shejuly

281312} Fig. 3-2-349F & AFA
W% g 7Hsh) S W wel §
o}, OIHH 7}75_1?3 2l 2 LVDT(linear variable differential transducer)e] 2]3s}<
BEL G FAE Z=A(loadcell)oll & SFHT. ZHFE Y Aato] o
718 A7l D/A ME71E AA ER dod A74e FFsHA 89

Fig. 3-2-35, 362 ER W o] A7 AV|E 0, 1, 2, 3kV/mmZ Z7IANAS W9 Hs5S

ro
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+

ol

A

olt}. clme] 747 ZHOE

15mmo| ), Fshst 14Hzolth. olwe] Hoj HAE &EE 01319mkolth oluje] A3

2 A7)

Ho| A o, 3kV/mm
g Wiyl B g A} ER

3L
(4]

P AL 2Rk s 5o Hd 370N |

3|

1=
=

b Al 640N9] wisg o] wralEo] 270N9]

\=
e

;g

+r
bed =

3]

3L
©

13
=

olaL & gA Ao

ol

N
Ko

=

]

R
o

]
7k

Hr

Xk QlzvE Ao =77}

F/heol ot Hxde) WA F4Fe 4 4 Utk dwHow HAF 7

3 B 2ol

I
'y

N

A

}

Coulomb w}&& e} <

e

2.2 Coloumb®}

ST
3

s

At old 1

_g]

]

P
T

2o

ol A=A

iz

1

7HA YA AR ZEE 9

L=
I

7}

=
[}

ED

=

il

Hr

Bo

o
=

o2

]

HT

rE

Fig. 3-2-39, 402 3

, 0.26389m/501) A1

o]
=K

3

0.0377m/soll 4 115N ¢} 43
HS WA H T 2y, AAF 3.0kVmm <17F A ER

A
=

3L
[s]

442Ne] o

iz 0.26389m/s91 A

7}s

2o 36N R Z

3L
(e}

0.0377m/sol| A ¥4
bdeh 5 2

3]

o
s Y

A

7}

=
(5]

665N 5

of #Aglel A7

A
=5

~E

bk wery o]

3|

2% HS Aoy

oh @rbA Rl

| mEe Fig 3-241004 B vle} 2t 9o ®@

2o},

2}

o
=]

W o

3

[}
=

el

A
g4

A

ks

4 A

= A

A=A

= (& — Xp) — k(3 — xp) + oy (X, — X))+ k(X —x) ~u

mX,

(3-2-40)

—Cy (X, — %) —ky(x; = x;)

myXx,

7z} AlE T4

| —
o

MNES A%, mye 3 AF, o9 &k

o]
7

Oq 7] )\‘1 my

P, A(3-2-40)8 S

Bk
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X=4X+BU+D (3-2-41)

[0 0 I 0 [0 ] 0]
0 0 0 / 0 0
A = kv, k, ¢ +es e B = , D =
- m, nT, —‘T m_, —E m, q() n, Q()
2t Aol7] AA
2 d7AME AF] AFANETE AR 227t F(skyhook) Ao171E A}
Aok [70] &7bo]& di1]E-2 Karnoppoll 9f3te] At om, xpA] o F3Hdel 4
N ZAMAE 2= JAAZFH AAALeld) sidel W E AXAsta olu EAlstE TP W
B H3E s g+ dFE o2 AMEsle Aot ER HH ] RAdH S Fit] EFH
A= ol8ste 87 WHHI A" FF EE dAstn olF ER @7P3Ae a7 d
BE o g AL HT A7bo)F Gl o7 HBHL thgy o] Aot
U= C\k} X = Fiy (3-2-42)

AZIM Cype 27F01F Ao A FE Ueln Eddog F3AsE Yehdo. ol
ER @7} A= vteE¥ol2e g3 2L 238 WEstofof

If u-sgn(x, —x,)>0, u=u

If u-sgn(x,—%,)<0, u=0 (3-2-43)
ER 999 2ddgE Foty 22" F45 o&ste &7 #d8gn A" 171%3e
2438kal ol ER d7PEAe a7 @¥EE wAste Aodgeoez ALdn. Ao A
7174t 2o
il
A —4, 2la (3-2-44)

4 $A40 WEEY A A5 Bk sk Fig
FARG Foke G @ AT GLoIN Ao} FAE e
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WA Fig, 32-43~46& LS 2, 15mmel AR QS A Fusol g
NES WY 2 AEE AYES PEH AN A AYARE vng Aoy
Fo] o 120]9, 27lo]%

TYA Bl ANF T R Al B Fuselgel

Aol7] AL Aole A Feld A@Fo| 1] g

32472 AGAeNA A WA FAFANAY AE Wsie] Wal, Telw Fig 32488
[e] Z f_g_

27tolE Ao} A ERHHA A7k E A4S Bdth A |A 32 Fohgoa 27)o]
F Aol A WY Folms £ & AU
v 2 &

2 APl 483 $AA AR A AgH

Hsto, PMAAIE ER FAHE ol =%

9 TSRO, WY AFT AHE ER Wl Ay
o

ol% Ao} ALgsgTh 483 LB 4 :
1% AolE FYARL WolE FA FnreINY AFS BEEHOoE AT B opY
g Fugrh golAE A% ARl /A Aok WA, ER UNE FRG 3§
A eAde] wsEY @HIAE 8 A4, eAANA ALHE AFL AGHO
2 Adslel £ 24 FAsgrh $F QALF Bl FA] dueBL £

5. ER ABS
A+%Fe] ABS(anti-lock brake system): Elolojeol mzhg Hbx|Ele] ekl paf|obA i)
Zee8 W, a8 goUdl wd A4 ASAYDE dE2Fgo N ASsE Ao

A EAstE AP WAEY] A% sueg AMSET. ABSY A%S Ao W o
gt 2 @A7LA] ALddE duxFH AHHEL 23} 2t Drakunov[7l]5 &
SMC(sliding mode control)2 HZ £H&& AAT F o] g o7 4Hz A 2

==

o]2 g wmste] Ypel NS ARFYL, Chin72AFE £EEL olgde] &
ofg Auxg AT F a1 P50l g AF ¢S 2AHAT. Maver| 73] o A
HE o83 =W NN F WA YuYFS olgste] =W £ we} Haola

E23E ZAstAoH, Layne[74]52 HA 85 AR EHAAE FPsAa,
Ohba[75]5& HAHAo] 7IH& ol&std AFHEes ZANAY. T FUdA=
Song(76] “F-2 TCS(traction control system)9} IAE FHZA @SS dux} wholol=g
(antiwindup) 752 Zt= A" 49 PID Aoj71E AtatAct ol & diyio A+
AN AFHE ABSE FHAE7IE2A £uxo]l=(solenoid) &-& Hl# W H (proportional
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valve)E AF&3l glow, @F e wES sl Wy J/H AEs dAste A
oAt} o]#d A WH YL ABS AT 7MY o8 IFE 59, 53] N/
| Az wrEe] o3 W (chattering) FAF Fo] WdASt B ol HE Zzbo] v
1= Aol ATH71]. £ Aqolde oleigd EA- e HZ2AY sz wE FH
ST A& Xﬂﬂ/ﬂlo‘ EANTANI Z:U}E M7 o 3 }el ER(electro-rheological) & A

N H
o

%

2
aj
N
A
1o
sl
=
%
i
&
s
o,
re
4
rir
T
=
z
o
D)
.34;"4
fo
|
e,
&
A=)
2
N
o
=2
£ 8
fn
2
i)
oy
ol
o

ofo
N ke
olf
o
o
S
AW
= o
= {0
R
o
i«

o 1o
i)
o a

ofr
e nd

i om
Y
=
jas
z
"

oo I M
o 1 |z

T,,
ox
rlr o M
ol
ol

A B XﬂOVl o AbE-=
itk wetd HALga S A sl
o AHE ABSe| 84S U5yl Hste o =W 24 stelM Aleded 2F
gl Bste] FAFE A EHIAS FYPsH T

tio
ro ¥R A o ot o op ox o U g

7h ER WH AA 9@ Hgola A|AHe wdlyg

i)

ER fAE Qutdoz nAsy vl
dogH, et e WY RuYS

—

r=11,(E)+ ny, 1,( E) = aE’ (3-2-45)

4714, rE R fA9 A92HS Jehln, 5= ER
(shear rate)S Yeldth I3 r(E)E x

18 ES F7het Bl FtEin, oFfY ¥4 #AE mdRTh E
2 (3-2-45) A1 HlEl S o9} A4 g aA QA TR HAUF =7, AHREHE YAk
ool FF, ¥ FHE AR 2x S g gEAs ER FA9 1 FA4A G-
E AToA AFE-E ER #3lv= Zg-$# g(polyurethane) YAt} HEE QY-S AME-
o A Aoz YAATE 10 pm WY olty. Y Haake-VI500 M7 HEAE o] &
o ER #FA¢ 255 25T #AAM Q714 BE deeds 4L F ddv
A(zero)l M2 e FEIHoz TEIPTI]. E&E FELHS 232459 ¥

¢

o

O
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Rdg fdstE 13.63E°"Pad 2y 71N EY 99T kV/mmelth W, £
A A48 ER §A4E 59 Bayerrle] TP Al 356602 A £ 7} 20°C ~90°C 74 A
°of W& ER fA9 FEFH| FrHH W0Co|FolMe 254 gadHe 2%
gtk mebA) AlQbE ABSY] AA] HEAl Bola niEd o3 LTSGR A
of & ER #4¢ Wil 54o] mxolo} & Aojrh
A7olA ALH ER BB 7138ty FhS sl =AM Fig. 3-2-4994 )
H

S P

X
aYs 2ol FuFHe AL i e AAHY ER WHe fP4e Ap= #4
el o8 AR A7 Fakol g grow TAHM, olF F4o2 Jeyw o
& 2o

is] .

APy= APgg+ AP, (3-2-46)
ANX AP ERSA O] A7 o] 7slRoen A= Jroeo) o oraytsho]

e B4 wE we e sag ¥ e we
o e FUA AF@TH HIATW, (32460 e 2ol Fojc,

APy=2-L o (B)+ 12755 Qs (3-2-47)

o g
JE oo ®
PR
N e M
3
rir
e
S
=)
2
o,
N
ox,
2,
I
N
A
b4
RS
fr -«
2
N
o,
s
e
[e}

o
ol
et

FES
Aske] 2
g s4stge. ol X
r. = 325mm, 7rZ pE 05mmEz AAINAY. AW AR A7AS 8kV/mm= &
AE ER B9 Ao gHAste oF 10MPa7kA) €4S ¢ lemz 4% 583 ¥
Az A 2 THE A AR FEet
FER dHE o473 AFA ABSS] THEE M Fig 3-2503 2
W A b 749 9et 2709 ER wWH7l AlEH T 9l
[e]

L 2 ool gy oft

oo . X
mﬂl_uulm

re,

—

2

R

2

",

N,

i

, 2

o MH

o)

b
o

=l
F e

JE 28w 8
o gl

ol
ol
-

P,,— Py=APg(E,) + RO,
Py— P,= APui(Ey) + RO, (3-2-48)
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FAEA A vtz A-AUgN s 4y P, IAINZE A5 Ao GEgE
ZEtal JPgsta, fAE AA

@ QE 27 ER ¥H 13 28 Ave §Folv, Re H(E-247)0A 124L/0h° 2
FolRoh whebA, ER W8l qhe 334 vyola ¥ pyol wstel gt Lo #

2,
Ot
2L
fir
=y
%
193]
[go}
=
<
O
=
=2
X
o
o
A
o
<
flo
<
o
o
N
—_
OE |
s
L

HAHoh
P,—2Py= R(Q,— Q,) + APpp( Ey) — AP gp( E,) (3-2-49)
dutro g Bygolz HAEY PAL 015 mmAEE ¢ Zo=g Hyojm Al
] ZAAA A (control volume) V,9] Wl FAIE & vk Tk Frfeplols d4

= YEAENIE AdE AN TAHE A adgd v o= A <k
SR EHE TS webd neola gele) mald e WAL thew P
dpP V. -
Crg —@=@, C=3" (3-2-50)

A7 BeeS ER 41 2284 A4 (bulk modulus)olth. & A& 21(3-249)0] tj s}

A% 3
of A g3t 2ol WGl Y Belolx FU B PYAL A & Utk
. P,
Pi=pe; Pot R (APe(E) —OPa( B + 1o (3-2:51)

ditdow Byola Alage AFTAFAE Eolojet AW Aol npErRE AT

43 o) 84 F =Wl npEA S (friction coefficient)®t £HEFY BAE

ABS ZF e el wg a3 s 9ok oA Tele €9 EY dtel wet ABS

o] ASEYrt ZFEL AF AFA TEEY vngAs AEE YEHUE £9E 4
)

Vx_ Vw -
A - (3-2-52)
oA71N VA £ &£moln, V,E XE&Eolth 2(3-252)2RH EF &)
AE AVEEE 47 dgd 2o fFEET
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sz: (1= ;/: (3-2-53)
w=(1- D=~ 2 (3-2-54)

A7 R,= AEY ©AE JebdY. @9, Fig 3251004 7F EeA T, AF EL
g T, AWHRY vp@dey p, 283 235 Zd7rExee] #AE Jegd oL Ae o
S F Utk

L= (= FuRy— Ts+ T, (3-2-55)
Tb =A wcvaFrer (3-2'56)

AZIM L 8 BERAE, »= ZHY f8 BHAE, A5 E AUY W3, 5,8 7
Al & & (mechanical efficiency), By Hgo]= AlG(brake factor)olt} 7}&% VB 4,
gt 2715t Bl EA PE ELAY Fo] glotm & u 2](3-2-54,5556) . 2 5
H ohg AS /2@ 5 Aok

2
Ay P Rwch”mBFYr ay 4 Rquw

P , (325
ATy vi, LtV v, (3-2-57)
olA shte] Age] et Bola &5 WAANE AstH ot
A:du/I‘i‘dlsz’f'fl
P'b=a22Pb+b2u/1 +f2 (3-2-58)

o} 7)A,

U= APER(EZ) - APER(EI)

- Ay — RqucvaFrr - 2 bo == 1
ayy V,’ ap V., s Ay RC,’ 2 RC,
Ay R?A)wa . Pm
=y, " v, 7RG

. Yaw rate A|olE Y3 = wd g

BHlola AEA AFAY B ozt Ao AL BA msiol B & A
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FlldE 2 HHOE yaw rated Aojdch @ Al2®"2 Fig. 3-2-52¢14 Roj= A

gol AA PRI mHIHGB0]. AF AdFe M AFY FH S== AV, AE
ol 4%5’}“& npREHe F, 2 FL A4 i WA AES et old 22 ore

AHEEhE RAow, oi dnbH £ slip angle), o2 S¥IF €97, 6,2 E
3 Azt (wheel angle) r& yaw rate, [, & FAFHCG)ANXN &=, AFH A, [
E $Afread), I,£ % #A TZRED) o] TdgRE 3 % BRE BAANE OF
7 o] =& HTH80].

2F,= Zlem:M( V.=V,

2F, = ZF”:M( V,+ V,7)

ZMZZ lt(FXQ—Fx1+Fx4_Fx3)+ lf(Fyl+Fy2)—Zr(Fy3+F34):[U7; (3_2'59)

A7V F FuE 2 RN 23 Wedd dola, g,4t0 AA datka 714
FH Fuw Foutt 24 8tk 2t 252 SHH0R2 A537] g yaw rate A0S
FAst7] A 2 AEel NE yaw rate AL fEstelol dEd ozle A
(255t ge Brbssith 2o AEe AFHE, FES AF AL ¢
2 e AE $UEL 54 &7 €9E FI(LRHoR o 0208 Ao}
A9g FHFIojor 313, TFHE EHEL yaw rate 2P0 wel Aol YHE AAS
@t

Bolole] Fvdee yART SUE Boh 2 9%
& olst I GGNM £HEH dFolga A

waz .ux u— X /1,1\[”, (3_2_60)

N

19 o

kD
N

E A% TEAS 19 FFelA 712715 dERH,
2 o] ge Z/EHA Ak £ & AoldME wpEES BZVIE 4
yaw rate Ao £ A AAYHGE AV|FLR 1y Yt wtFEHS eHE o
o FA&slE 33 N,&= o] 73 (pitching)# ¥ (rolling)ell 2] &
gol st Hed AriNe BF 2l ZAR72)E AMFeEAR 4 Aed FE
ZFo] Aelo] mel WaEtA stk =W IAVE gl Aol ¢ L3

HA
A]

ut

-

A

olf
Lo
-

T

iita)

o
s
it

i
1

Of¢
e

<1

S ox M
S ok

ha

ol otz Wo}‘ﬂ Wﬂ‘j%«? ZAMEES AR B Alzte] W] we}

gopdee] A4 dwdoz YuidAsrE SHERTE LU By 2 4% T
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9. g, BRd 287o] Yol Reve APske e ge dagEAcw
g 4 o,

Fui=—u,Ny=—Ca; (or —Ca,) (3-2-61)

471 Ce 7Zh Bholole] FA(stiffness)ol™, 87t o2 o, 747} Thg T} o] Ho
gt

+ V,~ 1,
= vai Y —LV—Z (3-2-62)

2 (3-2-60,61)3F 2)(3-262)& 4(3-2-59)9] EHE WA histe] Heletd o 2
! ot

[e) S = PN
& yaw rate &% WAAL 7a 2 9]

r=a,r+apt;+ 75, (3-2-63)
714,
2C(E+ P ANy 20U, — 1)V, 2Cl, L .
SO A A 7 A A AR

1) if »r,

A=Ay Nu=Ng Foam=Fuap= Fant Fay
(2) if #<ry

Ai==Ay Nu=Ny Fom=Fupg— Fun— Fug

N OAEEE 8T yaw rate 1= A FEEG WAL mesle gg

37] o]
e 4o g 5 glok

Ve O (3-2-64)

Ve
(L+ ly)(l—i——V;;)

Vg=—

25 29ty o3 Zth yaw rated 1@ 3R @v BEola AojdME LE AE
o ¢S A4 dom 285t £UEE 8T €HEE Ao AT, yaw rate$ I1#
Al HH 8l Aole HEF FH Byola & AA seta, <Ky O A E
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A7l He 54 £H882 87 £98 A, 2 AL, 0AE ey=1-4,2 H%
H o]

=
=
W, NG5 RE e ge eAPPAL

€= e€en

€= and+ani+t apPytap Pyt f1— Ay (3-2-65)

LY B2 YA FATA AgEEE A9 AT TerlE e AAEH
o2

A=A 7{:}—/11% 7}”{’:‘5:—9] U]T"i’"%}\_ d.xTE: (VSIS Z}%‘—'E?}‘%l a-n:a%p d]g/d12:d11/ f1:dl1f1
S 25 F den, of BANEY A(B2-65)ZHE TgH 22 £HE Ao A2"EE
g A

En=€p

€ p=—ayayey+ Qay+ aple p+ apbu+ 1; (3-2-66)

047}}‘-1 f}=——a22f1+a12f2~allazzﬂd+(2a11+a22) /fd_ /i.d ’ UZ}—E]»/K‘] ?l‘xé]% %E}O]% /qu
2E (0=ceptcey=022 BT gorg A& ARSI Joo i T
o] 31&= RP (representative point)& ©] £&lo]ld HE 2 B  QopdH F7 @
4EHog ol B Aotk oA thed e oY RE EA 2AL VEFOR

A AT & Ak,

sa(8) - s4(<0 (3-2-67)
o] 271¢ WEsI] 95 2(3-266)% (3-267) o4 FrHAPHeZRY TS
3} R B A2 AAT 5 YT

— A114x€ + (2@11+ dzz+ c,l)e 2 +f/1+ Kﬂsgn(s,l)
—apb,

w, () = , K0 (3-2-68)
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A(3-2-67)& WEAIZITH AAE Ao
miﬁa FR y;oﬂ TR A% YAA71F2 ER e rHAgE 48 el
e 2o AL Eaa AR Pk

(7P Braking mode : u;>() :

1/8
Bi=0, B=(45 ()
(1P Releasing mode : ;<0

(3-2-69)

71E9 Eelcolr WH G Ar ZAH go] wE Fao] o] g ER WHo| 7}
HA A7 dEe dAgHog sigoan Agsln wME 2 7gHAA S /5
Fig=¥

(2) Yaw rate A|o}7]

87 yaw rates

raZ ARSI, QAL e =r—r, 2 AOEHH, 2(3-2-58)7 (3-2-63)
C2FH g3 22 yaw rate Ao] Alad BAE 74T 5 ok
en=-ey
éﬂ = €53
en=—apla,+ ay)ey+(2ay+ ant ap)es+ apapbou,+ f (3-2-70)

o714,

fr=anagpf,— Qap+ ap)f,+ fo—apanfi— apt)

—aplastay)rytQay+antap)ry—ry

M I, C x,

olth. a,=x, 4N,/ 1,9
o] o =k A4get

Eﬂ/ ‘:]Eﬂ 7‘ﬂT Apr A19s bZOﬂ
qE g AolrlE

o
e
ol
UNTT
rlo
ol
%

T8kl el
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x,=x,tAx=x,11t7 (3-2-71)

H(uncertainty part)E JERN T, =

Hr
ok
ot
—z
=)
@]

3

=

o,
e

]

=t
&
flr
iEua
it
>
o,

| 1< $,<1 (3-2-72)

ay<8ap< apo® (3-2-73)
27 stolA AAFE Eelold MBEE s, (D=caest cpentes=022 A8,
yaw rate A|o17]E AASE U3 20

LT )xlow b, LU Cea—anC ant an)en|+|2an+ antapt cples|

+|(—apenten) an|tk) - sgn(s)+(—agept+esan) » k> [ (3-2-74)
o 71 A,

1+

;s AT Ay QAo (1_¢ )

iy

2 B3 N2HE270E BE 2ol Loty RE E4)

syt s,=8,  ((cn—aplan+an))es,+(—apdays)en
+(2a+ ant apt cp)es+ Sanes(1+ Nayanbyu,+ 1)
=(cp—aplas+ay)ey  s,— ¥l (cy—aplan+an)eyls,
+(2ay+ ant aptcepes -t s,— U1 Ray+an+ ant caesls)
+((— andanen) — T (— apajen) - s,— Ol (—ayn aye)|ls)

+ (é\arle?{i— w‘(arloer&})) I ¢| 727’1673)“5;’| +fr_ Wk7|37|<0 (3'2'75)

2(3-2-63)9] 274 (ZHF (WHlX AFE nukel 2ol yaw rate A or|(4] 3-2-74)= HA
yaw rateo] @7 yaw rated QA 7HA wiwr Aj2Eo] gposEE g & 208

_88_



IF » Vg and u,(u,m ; THEN U,y= U3
IF »<r,and w, uy , THEN u,=u, (3-2-76)

2k nhEE #EV)E 9% ¥ dugdE
Aetd £gtold = A|o]7|(3-2-68)F (3-2-74)9] AFL A= vFY F = <o
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Table 3-2-1 Design parameter of ER seat damper

Design faéto’r o L Parameter
Piston rod diameter 10 mm
Inner cylinder diameter 40 mm
Electrode length 85 mm
Electrode gap 0.9 mm
Gas chamber pressure 15 bar
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(a) micro photograph of chain structure
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(b) hysteresis of the PMA-based ER fluid

Fig. 3-2-1 Phenomenological behavior of the ER fluid
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Fig. 3-2-2  Schematic diagram of experimental apparatus
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Fig. 3-2-3 Preisach properties (30°C)
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Fig. 3-2-4 Configuration of the Preisach model
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Fig. 3-2-5 Numerical identification and implementation of the Preisach model
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Fig. 3-2-6 Measured FOD curves and Bingham characteristics
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Fig. 3-2-7 Actual and predicted hysteresis responses
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Fig. 3-2-8 The proposed control strategy
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Fig. 3-2-9 Flow chart of the inverse Preisach model compensation
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Fig. 3-2-10 Tracking control results for rectangular trajectory using the inverse

Preisach model compensator
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Fig. 3-2-11 Tracking control results for sinusoidal trajectory using the inverse Preisach

model compensator
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Fig. 3-2-12 Tracking control results for triangle-like input using the PID controller

with inverse Preisach model
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Fig. 3-2-13 Tracking control results for sinusoidal trajectory using the PID controller

with inverse Preisach model
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Fig. 3-2-14 Configuration of ER damper
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Fig. 3-2-19 Parameter optimization results of Bingham model
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Fig. 3-2-20 Bingham model reconstruction shown with measured data
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Fig. 3-2-23 Comparison of predicted and measured damping force

- 113 -



Electrode Plug ~__

Piston Head
Quter Electrode
Inner Electrode

Gas Chamber

(a) schematic diagram

Inner
Electrode \ : > <T
M | AR A
Outer Jf i 1
Electrode —H 1 H}
N1/
M UL
HH
N gl Vv
!
| > |€— W

(b) geometry of electrodes

Fig. 3-2-24 Configuration of the ER shock absorber
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Fig. 3-2-26 Schematic diagram of a quarter car suspension system with ER shock

absorber
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Fig. 3-2-27 Uncontrolled response of a quarter car suspension system
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Fig. 3-2-29 Nondimensional design of the ER shock absorber
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(a) electrodes and piston
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(b) assembly

Fig. 3-2-30 Photograph of the ER shock absorber
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Fig. 3-2-49 Geometry of the cylindrical ER valve
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Fig. 3-2-51 Wheel Rotational motion
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Fig. 3-2-52 Vehicle model for yaw rate control
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Fig. 3-2-64 Photograph of experimental setup

- 142 -



500

} = 21°C
o §0°C
= 400 F 4 100°C
E
< 300}
g nanfieentiobenseahgaiaesdd
B 200 F
Q |
£
g
S 100
=)
O — 1 P | N ] N 1 " Il "
5 10 15 20 25 30
Frequency(Hz)

Fig. 3-2-65 Dynamic characteristics of rubber

500
|

~ 400 |- |
£ IR
E IR, L 60, ¢ (o]
S 300F g, o 0000007 P
g R - cogal
g hoonB000°% ;ggnognB©
b=
% 200+
g | o OkV/mm
£ 100 o 1KV/mm
& | © o 2kV/mm

0 L 1 3 = | . ) K

5 10 15 20 25 30

Frequency (Hz)
(a) Normal temperature

Fig. 3-2-66 Dynamic characteristics for temperature variation

~ 143 -



500

400

200

100

Dynamic stiffness (N/mm)

500

400

200

100

Dynamic stiffness (N/mm)

Fig. 3-2-66 Dynamic characteristics for temperature variation(Continued)

300 ¢

|
5 O R E; D © J
[sguge] o E
[L- o gkV/mm
1kV/imm
I 2kV/imm
5 10 15 20 - 25 30
Frequency (Hz)
(b) 50 °C
|
[ N PR Sy o S én“",
[ale o o7 ) goob o"
E DDDDDDDDDDGD {
ao oo
! o OkV/imm
I 1kV/mm
2kVimm
5 10‘15.20425 30

Frequency (Hz)

() 100 °C

- 144 -



b o

Is]

174 2ol AEA o

1

s
il

A o) 7] AA 7%
LAE

T35,
AAAFe] WES 1

=i
=

[e]

=

9 ES44E w174 g AF Ao
./_‘r:

/ROF

2

|

Fig. 3313} 22 499 Fe)o] ER Wre A4, A%

(7}) ER ®5e} 5

7t Al

Aoy Al 2 H]
A

|34

1.

._Ow

)
B

. &

E

YA @k 2ok BR

FA ] Aol o

j—

-

3

o
=

A A =™ ER FA ¢

1A, ER
sjo] A7)7e] 7bs

0.75mm, Y7AL 24mm=z A 25 e},

™
i=]

‘_lnmo

A}

A Bk we ER Qe

(3-3-1)
(3-3-2)

¥ 2ol

[e]

=

=

o)

1o

FER
ER 94 o

-

T

& e, sgn(-
a9t B

o wAg

Ao} A Gge
Jehy o,

L

[e)

=
- 145 -

kex,t+ cex',, + Frp

F
_ _ L 8 :
Frr=(A,~A))2 @ E"sgn(x,)

4zt J2ET iE 2

e

L

7he Aol o f&

.

A7IA A% A,

k



e o]

3-3-2(a) <} (b)oﬂfﬂ ERF-I19] ¥F-g-& %7} ERF-I9] whg&ERT o WE AL B 4 g
Fig. 3-3-20) Wepd A2 RH 43329 FPHe $4 54 nejsid g 2o
E#H

gi Fert Fpr=(A,~ A,)2-7 a E"sgn(x,) (3-3-3)
A7IM e ZAE7IY Ao, ERF-19) A AHE 380msol 12, ERF-IIE 12mse} A4
€ = As A¥4Hoz2 7390 Fig 3-3-32 Z34 o doale] dgao Xz EA
< UEY Zolth ERF-19] §3 Fu4 f)gdZe 263Hzo|x, ERF-IIS] 54 Fa 1
o E . 80Hzo|tk

(\h) 1/4 2] ER Madld Alzg] 2y

1/4 2#9) ER M3l Al=ge FAs] AojAx"e] 4% d
oh Fig. 3-3-4¢} ol 2xA{ 5 1/4x}3e] ERMAAA A28 mddsidel. m 9 m,
& ZtZ sprung AF3 unsprung AFS JERATH Aamlde Axg

S, Blolojx A% 2zygon wdy g9k 4(3-3-3)02 R
&3t B2dg FAgsg T

x=Ax+Bu+ Lz, (3-3-4)
o 714
X= [ Z, 2, 2, 2y, FER] !
0 1 0 0 07
_ kf “_CL kS Cs 1 1 T
A=|""m, "~ m, m, m, mS,B=[OOOO7]
ks Cs i kt+k5 N Cg 1
mu mu mu mu mu
0 0 0 0o L
L T ]

- 146 -



k
u=Fe L=[000 4= 0}
°)31, ke N&FHY FAASF ' MR WAL, pi Bolojo BAA S
Zy 2y 2> 742, sprung A ®, unsprung A, 7} £ WS el

(2) He Alof7] 27

2o1M, sprung AFE FEA U, FAstE e el gex
| 932, A 94 BEe 2Pao) e en, AF exe ge 29l og 4
| ‘3&6‘}74) B o]HE Al 2Rl BFAAS 188t7] 95+e) McFarlanes} Glovero] #)
Fgk LSDP(loop shaping design procedure) H,& AE3{3, 71 A7 o3 72& A

o171& AASATHS9]

A A 2"
Al

X X

al
H.

1

O

WA, 1/4 Ao FRES o7 2o] T A
— I Zs(s) . kt+ LU 52
)= M N==ry = (zos+ D D(s) (3-3-5)
o /1A,
D(s)=mgm, s*+ c,(mg+m,) s>+ (mgk,+ (mg+ mOk) s+ cbs+ ki,
oli, we Ao Fbed WBY Fo.S UeEdo
A7l BRAYE T A FAEE D8 2ol Aot
— 37 Y T 1,75 - kit (mg+ dmy) s?
GA(S)”‘ MA NA—(M+AM) (N+AN)—— ((Z'Q‘JI‘AT)S‘{'].)DJ(S) (3*3*6)

o1 71A,
D)= (mg+ AmIm, s*+ c,((mg+ dm) +m,) s°
+((mgt Am ket ((mg+ dm) +m k) s2+ cohs+ kg,
olil, dmi= sprung AL WE, A= A4S WEES el

(78 A E S 1/4 3% A28 Aoy,
ERF-I;
K= WiKpo=(3.55% 10° s543.17x 10 s+ 1.67x 102 s*4+2.42x 1016 §°

+3.15% 10" §241.29x 10854+ 1.67x 10®)/(s"+8.22x 10° s°

- 147 -



+1.29% 107 s°+6.25% 107 s*+5.60x 10" s34+5.20x 101 s?
+2.28 % 10 Ps+6.39x 10 5)

ERF-II:

Ky= WyKyeo=(1.33% 10° s°4+3.10x 10® s°+3.40x 10 s*+2.47x 102 s*
+9.37%x 10" s%+6.79%x 10 Ms+5.67x 10™)/(s"+1.44x 10° s°
+4.26% 10° s°+6.27x 107 s*+5.64x 107 s®+3.41x 101 s?
+1.14x 10 ¥s+6.61x 10%)

(W Al E st e 1/4 33 A aEe Aojr);
ERF-I:
K/ =W/ Kjoo=(7.13% 10° s°+6.67x 107 s*+2.79% 10" s?4+4.81x 10" 5°
+10.00 % 10 ®s—1.262x 10M)/(s®+2.43% 10% s°+1.98x 10° s*
+5.75% 10° s34+3.004x 10" s?+4.02x 10 ¥s+8.71x 10 2)
ERF-II:
Ky =Wy Kyo=(4.50% 10° s°+6.68x 107 s*+5.83x 10° s*+3.43% 10" s?
+2.61 % 10 ¥s+1.66% 10")/(s5+7.87x 10% s°+1.66x 10° s*
+1.74x 107 s*+1.26% 10° s245.11 x 10 Ys+2.90x 10™)

A

ER &l 4= Aol 4L H, Ao7|dA 2HHA H1, g3 2o iss
A& /dE 7 FobE o

u=| w for w(z,— 250 (3-3-7)
0 for wu(z,— z,)<0
olAL AAYY »o BPsE AFE AlzdolM 2dHE YA G FATE BA
e Aotk AlidE Wt 2REY, ¥AHE A7 g Zo] dojxdh

(3-3-8)

LSDP H, Ao171e] dAE 98t MATLABSY Ao AlA~Ed A Eubxa s17]7
T AEstglon, SIMULINKE AH8-8te] AlEdolde Fastdth F 712 Fel9 =9
2] tiske] 1/42% ER M3 A" Agalo] 548 Hrstag. 3 WA =

~ 148 -



2[1— cos(w,d]

71X, w,=2xV/Dolil, z,(=0.034m)

2,

|

T
% ¥

FA o

)

7PN AEAE 3.08kmke] 4ARF SEE AUdta 13

(3-3-10)

2, Sinwt

<y

z7)oleh 1/4 Aol A

721

goll vles Fl3 Table 3-3-1% 2T},

p -
L

(04-03.0 Hz)o] 1, 2,(=0.015m)

Ee

]

A

G

TE IS

A

ok

£ AzEe A
Aolgd 542 et duH o2 sprung
Efolo] WHL Age] wrl HA

Fig. 3-3-5

ul, Fig. 3-3-59A] Hi= nlo}l zho| % 717

< YEh=

=
=t

Al ERF-I} ERF-II 5o A Alokd o] ©

!

Jlo

©@& YEPAT. Fig. 3-3-6(a)ol A

o
]

B3|

F
R e

[

N
H

9] ¥

o A

Fig. 3-3-6(b)2] ERF-UY M= Ao 4

$H £58 Ak

=
i

o,

o

9ol RMS g

o). AT} &

AT

J

1}, ERF-IIo] A

P} masige

3

o %

oy

TO
wir
Y
o
KA
~
=]
o
ol

—_
o

ol

2]

(@]
P

182 YERAD. Fig 3-3-9

#HH9)e] RMS gto g2 Ag8S e

ol A sprung

rJ
il

(14 Hz)

]

<]

7189 Az A T

]

%
)

o

o

o
M

—

el

4

o

0
o

1/424 %] AEA) o

&

a7

<]

(1) ER A4 A

- 149 -



(7H ER @

Fig. 3313 2 99E Agslel 478 Sastdch 7hx Aol 9@ Axy fx
g A %m, ER 9ol 999 1,2 0o 2ol Tadh

fu= ¢ Zpt Frpsgn(i,) = (A,— A )21—2’% %+ 20A,~A)L o Efsgn(x)  (3-3-11)
bi h

A71M g A HAdelth
ER dl#o] Ay 7ok 7 Ale]g] ER fA9 /5L
Z°ll, ER 49 1HF &9 a9 Fe 4% 2= dA754=
At Fig. 3-3-1091 4 ER 3¢ #5257t F713d we} ER
FESE A7 F4E8E B 4 Stk ER WH7F AEx AHETd
ol 7H53F ER A9 %53 7H8X e A4 59 olf2 B719siA ER
b 5712 Zelth. 23702 ER A9 T/ o g5 T 2o

ST}, Dol =1926'[Pa] 7

)"50

>
ot
Wl
e (o
)
=
£ > B ol o
S oo & orjuomeh N

4
o

O
o

_ 173 _ 1.65 _ 1.59
o =361E'"[Pa] 7| =566E'“[Pa] ry|‘00#(‘—-763E [Pa]

£

yl7o‘€

AE 2xdd Wt pEe 17604 1592 23 AR o H2g(192)xth Hu
400% 742 =LA 57}%P1:} Fig. 3-3-112 Z} ¥ (g, g ) W& ER Ao g22elo
shE HoFal gtk & Aol drige are #4AE oty wiEel d/iFe 3
kV/mms 31788t Hrh. Fig. 3-3-110A4] B%o] W4 oo W3ly} F4eA & el o
Fe viAE g ¢ 4 o 1¥EeE ER %UH FE A9l AG3D)E Yet 2ol
BREY & doE X FB thgH go] THHAT.

fa=coxy+2(A,—A,)5 (a/+Aa)Eﬁsgn(x,)) (3-3-12)

() ER N4 Azgle] ma

Fig. 3-3-12¢} o] 1/4 2% ER M2dlAd Al2gle] 5813 wdys 4339t )¢t
H 1/4 A% ER Hiﬂﬁ A" 22F 5

€ #v vbes ERM2AA Al2doit m,
% m,= 77 sprung A @3} unsprung Aolvh Alxwlde] sz Ay o, g
oloje ¥ £~z éél—% Zenal JhgReh ek 1/4 ] ER ¢ AJAH e
Al A o o] fEdEnh

- 150 -



MZs=— .165(25“"2“5) +fa’

- (3-3-13)
MysZys = ks(zs—zus> - kl (Zus— Zr) -fd

I
(Kl
o®
o
5
ey
uk

RE AR MZEA NxYe) 2xY gRE@A)0D, ke ol
2 7h7e)

3 2, 2,% 2% 42 sprung A%, unsprung A, 217
e WFE ohest 2ol Fosta,

4
N
®
do
2
g

T : -1 T
Xy X2 X3 x4] = [Zs Zs 2y Zu]

x= [
Aol &L y= Efoltt 23 e A wHAe oA

< 4 Qlth
x=Ax+Bu+ Dz, (3-3-14)
o 7] A,
0 1 0 0
. kS o CS kS CS
A= M M M My s
0 0 0 1
ks Cs o kf+ks CS
M, m,, m,, m,,
PER P T kb T L
B- o 22 o —Le]" po[g0 ] Pe=2 44, a0
ofth. AAl Al=wol A sprung A HAFn g4 Jddel wel Hslslo g sprung A
Fo A4S A"l mEstool o} J1E 2R B AL AAF o st A
48 Ag olgaiel Az BRUY 2/F Bl BAD & ok

AN mpe T AFolM, dme BEAAY Folrh Bl N zE) o} =2 o
Fe F4 et 78S 89 matching conditiong WESTln & 4 9w, whaky

=
BEUHL T2 o] ¥R 4 9lrhoo]

B3 Ao} Y PR WFUYL ERFAS L% o) /AT & dolA Bl
2 Q16N of BIAAN WMSE Ao 9¥ WA 0% E=ABTR Hsnz,
433129 A(3-316)€ ol 3hel BaUHel Ut AH TS §ET & 3ok

- 151 -



x=Ax+Bu+Dz,=( A+4A)x+(B+4B)u+ Dz, (3-3-17)
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G= By* (3-3-20)
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Table 3-3-1 Parameter of the quarter car ER suspension system

Parameter Value
Mg 250 kg
m, 29.5 kg
ks 20,580 N/m
k, 200,000 N/m
Cs 946 Ns/m (for ERF-I)
Cs 1418 Ns/m (for ERF-II)
A, 0.00071 m?
A, 0.00025 12?
L 0.258 m
h 0.00075 me
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Fig. 3-3-1 An electrorheological damper for a middle-sized passenger vehicle
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Fig. 3-3-3 Frequency responses of the damping force

Fig. 3-3-4 Quarter car model of semiactive ER suspension system
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Fig. 3-3-5 Bump responses of ER suspension system without time constant

- 165 -



Vertical Displacement(cm)

Tire Deflection(mm) Vertical Acceleration(m/s’)

Electric Field(kV/mm)

Uncontrolled
Controlled

Uncontrolled
Controlled

Uncontrolled
Controlled

Time(sec)

(a) ERF-I

Tire Deflection(mm) Vertical Acceleration(m/s?) Vertical Displacement(cm)

Electric Field(kV/mm)

-------- Uncontrolled
Controlled

........ Uncontrolled
Controlled

-------- Uncontrolled

~—— Controlled
|
2 3
Time(sec)
(b) ERF-1I

Fig. 3-3-6 Bump responses of ER suspension system with time constant
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Fig. 3-3-8 Bump responses of ER suspension system subjected to uncertainties
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Fig. 3-3-9 Frequency responses of ER suspension system subjected to uncertainties
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Fig. 3-3-12 Quarter-vehicle semiactive ER suspension system
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Fig 3-3-13 Bump excitation profile
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Table 3-4-1 Design and default input values of the ER shock absorber design

program
 Designlmpus | Dput Parameters | Values(defauld
- Piston Radius (Re) | 0.015
Piston Rod Radius (R,) 0.00625
Electrode Length (L 0.23
Device Variables ectrode Length (£)
Electrode Gap (k) 0.001
Gas Chamber Volume (V) 1.096e-5
Gas Chamber Pressure (Py) 25bar
Alpha (@) 312
Bingham Model
ER Properties Beta ( 8) 1313
Viscosity ( 7) 0.09
S |
Excitation Amplitude (x,) 0.02 m
Test Conditions Excitation Frequency (/) 1.4 Hz
Applied Voltage (F) 0~5 kV/mm
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Table 3-4-2 Design and default input values of the ER engine mount design

program

LApplied Voltage (£)

Values(default)
Electrode Length (L) 0.04m
Electrode Gap (h) 0.0015m
Number of Electrode(n) 2
Inner Radius(r) 0.03m
Device Variables | Main Rubber Compliance (Ci) 4e-11
Diaphragm Compliance (C,) 2e-10
Main Rubber Stiffness (kz) 286613N/m
Main Rubber Damping (cg) 1080Ns/m
o Effective Engine Masi M) 60kg
Alpha (@) 312
Bingham Model
ER Properties Beta ( 5) 1.313
Viscosity ( 7) 0.09
|
Excitation Amplitude (x,) 0.001 m
Test Conditions Excitation Frequency (f) 0~40 Hz
0~5 kV/mm
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Table 3-4-3 Design inputs and default input values of the ER ABS design program

o Des1gn Inputs |

Electrode Length (L) 0.26
Device Variables Electrode Gap (k) 0.001
Area Ratio(As/A)) 2
Alpha ( @) 312
Bingham Model
ER Properties Beta ( ) 1.313
Viscosity ( 7) 0.09
Initial P P 80 b
Test Conditions - 1a. ressure (Pb) o
Applied Voltage () 0~5 kV/mm

L
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ER Device Design |

Fig. 3-4-1 Initial view of the developed program
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Fig. 3-4-2 Overall design flow of the developed ER device design program
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Fig. 3-4-3 Schematic diagram of the ER shock absorber model
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.Optional Output Tabs
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(b) damping force vs. displacement

Fig. 3-4-4 Window view of the ER shock absorber design program module
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Fig. 3-4-5 Schematic diagrams of the ER engine mounts
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Engine Mount Types Optional Output Tabs
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(a) damping force

(b) 1-dof transmissibilitry

Fig. 3-4-6 Window view of the flow-mode ER engine mount design program module
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Fig. 3-4-7 Schematic diagram of the proposed ER ABS system
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Optional Output Tabs

Booster AR, Bty -t

%2

ER Properties Device Variables

{a) brake pressure vs. time

(b) bode plot

Fig. 3-4-8 Window view of the ER ABS design program
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M 6 & AN ™EA &S sfeutEy| =

A1 =9 AE7F 23 AP ER {FA A=2F

ER Aol #¢ =9 AR7t2 2Hste] ER fA9 224 AAUEH 54 222
ERA $8449 24y 2 Aol FA2 9248 AHsgon, o 145 ER
A9 A% 9 ER $84H9 A HEn pA AQH) Aot

‘501] i A+E %Eﬂ
o}%‘i}. O olo] #% HEAs

of ER Flumls

Kunquan Lu

Coworkers: W.Wen, Y.lan, S.Men,
X. Xu, S. Xu, Y. Zhang

Institute of Physics, Chinese Academy of
Sciences, Beijing, China
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Interaction force of two spheres

Point dipole :

=24me g RPBE Hd*
Davis: modified dipole :

1=24me e RPE M [d*(1-4.8082BR3/d3)?]
H.Conrad:

1=37.447R% g PB°E {[14.84-6.16(d/R)]B?}/(d/R)?
R.Tao: (FEA)

f=¢ g, ESJRBH6d-4R) / [d*(d-2RBI-P)/2)]

Two SrTiO, single crystal spheres {d=6.3mm)

in nitrogen
N ~ B~ 520,00 mm
Electronic 170 . | —o— 5=0.02mm
160 € -8=0.03mm
balance 150 SIMOM, —v— §=0.04 me
140 50Hz AC field A 620 05 mm
1§0 —4—$=0.10mm
————— 120 8=0.20mm
110 —%— 3=0.40 mm
188‘ —*— $=0.80 mm

F(dyne)

E(Vimm)

Measured force of two spheres

3. Structures and patterns

+
EH 7 e
disperse “0,9% o0.%% 2%
. 220202509 oto0
— chains =
— columns —

ordered structure
BCT (body center tetrahedral) -
Other

fractal aggregation

DN
PRV

(metal particles)
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Electric-field-induced diffusion-limited aggregation
W Wen, K.Lu, Phys.Rev.E.35(1997)R2160

E =150 V/mm(a)
250 V/mwm (b)

350 Vimm{(c} kinds of space field
500 ¥/mm(d)

Pattern formed at different

5. High yield stress ER fluids

Theoretical prediction

H.Conrad:

39 kPa (5kV/mm)
&=12.5,¢,=187.5 R/d=2.05

P.Shen:

8 kPa (1kV/mm)

=125, R=20pum §=1A

TiO, coated graphite/silicone ER fluid

8.Xu, S.Men, B.Wang, K.Lua, Acta Physica Sinica, $9Q2000) 2176

15% TiO, coated graphite

TiO, layer (1-2nm) 01 15% Ti0, coated graphite
N — 25%TiO,
— 15% TIO,

graphite (~30pm)

Sol-gel technigue

00 04 08 12 16

- 215 -



1. Areview on the studies of ER fluids mainly in our group is
presented.

2. The interaction of two different type spheres in electric
filed was measured and calculated.

3. The patterns formed in ER fluids and the structure induced
non-linear dielectric properties were studied.

4. g,and o, dependence of shear stress was quantitatively
obtained by using a ferroelectric particle/silicone.

5. High yield stress ER fluids were presented.

6. The deviation of the available calculation from measured
results indicates that more reliable theoretical work should
be performed.

2. Modeling and Control of ER and MR Devices (Dr. Norman M. Wereley)

ERGAS $845 $a9 20y 2 sagdazel fe 493 v Axy
o ATg AT dZaicr Tast TF ER agam 2o S99 A%
o A A29e e Fusted I Bad Aotk ok oo BAE LA
Folh

5 =
4 gozm ERUVY FE% /o] U $HEAS A A2 5 Aok

ALFRED GESSOW ROTORCRAFT CENTER
UNIVERSITY OF MARYLAND

E Qtrdrhédlogical Damper Analysis

Lionel Bitman Young-Tai Choi Norman M. Wereley

Research Assistant  Research Scientist Associate Professor
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Elertrarhealopical
Fluid Damper

Onver Celindst Eimreats

foncr ¥ ingor Bcerro

Non-Dimensional Equations

v e

University of Maryland, Collegs Park

a Goal : To relate non-dimensional groups to energy dissipation

and damping
Damping Coefficients
2
C= Foree i = % - L M
Veloe, lf)j,} " A{ d2 Equivalent Velocr 17,., on
Sampine Cooffici -
C amping Coefficient Notation
_%;_ — CEqu/'w/cm
C C 1= Viscosity

8= Plug Thickness

TN U O X T, = Yield Swress
Non-dimensional Plug Thickness o= Gap Thickness

12 13 1Y = A, = Piston Head Area
~& —-[—+6(E)]5+!=() A, =Gap Area

Results of Model Validation

(C,,/C vs. Non-dimensional Plug Thickness)

a 108 individual fest = T " '
a 2 in stroke
v Voltage range 2
~ 001029
kV/mm
- 0.36 kV/imm
increment
u  Frequency range
~ 0.08 Hzt0 0.96
Hz

~ 0.08Hz
increment s

Analysis -

1 +

S 1
¢

{ ---Ef{wg] .

Damping Coefficient [Cag/C)
3

o Analysis based on
identified fluid
properties CHE T Y?

08 08 1

0.3 0.4 Dt& DD 0.7
Nondimensional Plug Thickness 5]

—_——
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Sheas stiesy {Ps)
°

2 o 2

Shear rata (8 x10¢) velocty (mms™}

= iKmn}{%%:) F = F, asinh (ﬂ,l X)

m«.(m

200
g
.
H
206

B s o - 2
vaosty fom a1 oty fm sty

Pre-yield joop width
strongly depends on

the ratio A/Z

27

N 2 %R CRY
©wsoty fuma 'y wiociy {am st

Pre-yield loop width increases Fre-yield slope inoreases but loop
width decreases (stretching effect)

Amplifies the
@ response, at low
g . ) * speeds and leaves
< the response as it is,
s at higher speeds
U TP TS 4 s %

E »
welachy (mms™) veloaty fmm.s 1)

F= £, fasinh (4 X~ AQX{H/}, -4 )
- The pre-yield behavior of the
20 damper is now completely modeled

wvocny ( mm.s” )

forca (N}
-

i foeae 1)
g .8
foree (N} ;
5 . % .
-
~
.
| ‘/ .
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TN
D Post-yield modelin
b e s e e T R e
F=F, {asioh (1, X7, X)}(nﬂ. e"”H) +  Gx +

an P o

= Z H
§ H i
- p -
o o o s o m ok %
vasacity (mma) wadocky (mma )

5 . o
zc 0 o
i 2w

S : v PO 2 D %

Plastic behavior at Plastic + Cubic-plastic

medium speeds behavior at high speeds

: Conclusions

* The Eyring-plastic model has been
introduced. It is a mechanisms-based model.

* It has been validated over electric fields
ranging from 1 to 7 kV/mm and piston
velocities from 25 to 100 num/s.

* Itis now possible to predict with great
accuracy the response of an ER damper
subject to sinusoidal excitation in the range
tested
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1}, Semi-Active Vibration Isolation Using Magnetorehological Isolators

sbol % AAE olgetel AEY WHSE AJE AAsAch H2HPAs wdQ

g A AR gelre] Alx" AFE AEstA xdsta -

University of Maryland
Smart Structures Laboratory
Semi-Active Vibration
Isolation Using
Magnetorheological Isolators
Young-Tai Choi ~ Norman M. Wereley *
Dept. of Aerospace Engineering
University of Maryland, College Park, MD 20742, USA
Young Sik Jeon
Dept. of Tool and Design
Yuhan College, Kyungki-Do, 402-202, Korea

Vibration Isolation System (I)

experimental setup

Mass

Coil Spring :
= MR Isolator

= Hydraulic Actuator
(sinusoidal excitation)
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Vibration Isolation System (II)

theoretical method

« Governing equation
‘Ms‘.i{: T ya C(X_ ﬁ

- (k+k)x~y)
where MR
Isolator

A

Coil Spring

4y

M : mass

k, : stiffness of coil spring

Fya: controlled damping force of MR isolator

Vibration Isolation System (III)

theoretical method

* Controlled damping force
fa=(1+ f7)sgn(k~3) <= Bingham model

fu= (f]+ £oftanh((x- 3+ 4 (- D)A,) g Hystetesis model
« Controlled yield force
@zaf
* Simple skyhook control
o 1i=0544 ifx(x=-N>0
“Tljc004 i3 (e~ 90

Vibration Isolation System (IV)

experimental results

3 ot ficld
el ~&~ skyhook comrol

Uransutissibili

PR € 8 10 12
Frequency ?Hz]

6 & 10 12
Frequency |Hz)

Measured r.am.s. acceleration transmissibitity
+ Constant current input can control effectively the vibration at only
resonance region

+ Skyhook control improves the vibration isolation performance at overall
frequency range

|
!
l
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Vibration Isolation System (VII)

constant current input at 3.8Hz

4

Acceleration (inssec]

Rl
1 2

Experimenta

)
time [xed]

2 !
N\MW
l controller Y

* Bingham model does not capture time response

« Hysteresis model accurately captures time

response

Accelerafion favsec]

F

gingham

~

« controller
-4

* ik [wee}
4
Hysteresis
EE!
kS
H
3
K 'ZJ
controller
4 N on;
2 Time fsec)

Vibration Isolation System (VIII)

skyhook control current input at 3.8Hz

¥~ controller

H [o}
! * ime ¢

Experimenta
i

* Bingham mode) does not capiure time response

+ Hysteresis model accurately captures behavior

of overall system

Acederation [misec)

Acecloration fuvse)

5
Bingham
2

v

-2
4~ controller

Hysteresis

AU

controller

® Time (o] °
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A2d F8E ER/MR $E€4x EZ =% (International Journal
of Vehicle Design)

ER 3L MR #AE o83 84X Az A4 7154 ¢ old ulg Hr1e Lt
IStk AR e R E ER/MR & Q4w 2499, ER/MR 98 E zhe x1ako] A4
°, ER/MR 1%l v}2E| w55 Aol, ER @R e Ao), 9mzc weajo)2e
& AW Aol B3 JF % 25 FHE 9% A% FRE So g Ygow, 9=
SEAAE AA QYo TR 1 AL YFew Yok e o] Ao Sz
AF wFel A2 Azjolt
I =2 A= A =

. . ) . S. B. Choi, H. J. Song,

1 et ol of o proenger e feavrng |5y T €14 15

g & & J. H. Kim, H. J. Choi

5 | Comparison of damping force models for an \S{ I% Igggig’ 5. B. Choi,

electrorheological fluid damper N. M. Wereley

S. L. Vieira, C. Ciocanel,
3 | Behaviour of MR fluids in squeeze mode P. Kulkarni, A. Agrawal,
N. Naganathan

4 | Semi-active control of automotive suspension systems | Alan Hiu-Fung Lam,
with magneto-rheological dampers Wei-Hsin Lia

5 Semi-active vehicle suspension using smart fluid

dampers: a modelling and control study N. D. Sims, R. Stanway

Development of damper for new electronically

6 | controlled power steering system by Y. Park, B. Jung
magnetorheological fluid: MRSTEER

7 Controller design for vibration of a smart CFRP Takeshi Takawa,
composite beam based on the fuzzy model Takehito Fukuda

g |Semi-active, fail-safe magneto-rheological fluid Darrell G. Breese,
dampers for mountain bicycles Faramarz Gordaninejad

g | A magneto-rheological fluid shock absorber for an Everet O. Ericksen,
off-road motorcycle Faramarz Gordaninejad
The influence of mechanical input amplitude on the |A.K. El Wahed,

10 | dynamic response of an electrorheological fluid in R. Stanway, J. L.
squeeze flow Sproston

11 | Modelling and testing of the force-generating Muturi G. Muriuki,
characteristics of magnetorheological dampers William W. Clark

17 | Double adjustable shock absorbers utilizing J. E. Lindler, Y. T. Choi,
electrorheological and magnetorheological fluids N. M. Wereley
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13

Critical factors for MR fluids in vehicle systems

]J. David Carlson

14

Voltage control characteristics of electrorheological
fluid valves

G. Georgiades,
S. O. Oyadiji

The usage of acceleration signal to control

Andrzej Milecki,

15 magneto-rheological fluid damper Dariusz Sedziak
Characterisation and comparison of the dynamic S, O. Ovadiii

16 | properties of conventional and electro-rheological fluid P Sérafglanol, ’
shock absorbers ’

17 Robust sliding mode control of an electrorheological ]S SS ' IE—; iﬂ’ ]S ‘ }}_31 I%I;?ll’
suspension system with parameter perturbations H ] Choi ’

. . . J. H. Kim, J. Y. Kim,
18 | ER inserts for shock wave reduction in structures S. B. Choi
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1. Smart Structures and Materials 2002 (SPIE Vol. 4701)

—

mounts

EE A= A A
1 Vibration control of a passenger car using MR engine |S. B. Choi, H. H. Lee,

H. ]. Song, ]. S. Park

o | Performance of a MR hydraulic power actuation
system

J. H. Yoo,
N. M. Wereley

Feasibility study of PZT thin-film sensors and
3 |actuators for smart microstructures and MEMS
devices

Yi-Chu Hsu, 1. Y. Shen,
G. Z. Cao

Experimental characterization of NiMnGa
4 | ferromagnetic shape memory alloy bars under
variable loading conditions

Ronald N. Couch,
Inderjit Chopra,
Manfred R. Wuttig

5 | Development of active and sensitive material systems
based on composites

Hiroshi Asanuma

Norio Shinya,
Junro Kyono

Self-repairing, self-forming, and self-sensing systems

7 for ceramic/polymer composites Carolyn M. Dry
g |Use of imbedded fiber optic thermal sensors to é?g;)rsyteg aélrman,

monitor the health of composite structures

W. L. Richards

Nondestructive technique based on vibration
9 | measurements and piezoelectric patches for
monitoring corrosion phenomena

Ernesto Monaco,
Mauro Fontana,
Luca De Rosa,
Francesco Bellucci,
Leonardo Lecce

Design of a piezoelectric-based structural health
monitoring system for damage detection in composite
materials

10

Seth S. Kessler,
S. Mark Spearing

Built-in damage detection system for sandwich

1 structures under cryogenic temperatures

Eric J. Blaise, Fu-Kuo
Chang

Progress in demonstrator program of Japanese Smart

12 Material and Structure System Project

Naoyuki Tajima, Tateo
Sakurai, Nobuo Takeda,
Teruo Kishi

]

Evaluation of mechanical modal characteristics using

13 optical techniques

LKenneth Weiland

John D. Lekki,
Grigory Adamovsky,
Patrick W. Flanagan,
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14

Health monitoring of one-dimensional structures using
empirical mode decomposition and the Hilbert-Huang
transform

Darryll J. Pines,
Liming W. Salvino

15

Detection of damage in aluminum plates by wavelet
analysis

Bo Xie, Gangbing Song

16

Structural integrity monitoring of composite patch
repairs using wavelet analysis and neural networks

Venkata K. Amaravadi,
Kyle Mitchell,

Vittal S. Rao,

Mark M. Derriso

17

Advances in utilization of structurally integrated
sensor networks for health monitoring in commercial
applications

Mark Lin,
Amrita Kumar,
Xinlin Qing,
Shawn J. Beard

18

State-of-the-art and open problems in stabilizing
platforms for pointing and tracking

John E. Mclnroy,
Farhad Jafari

19

Over-constrained rigid multibody systems: differential
kinematics and fault tolerance

Yong Yi, John E.
Meclnroy, Yixin Chen

20

Feedback control of an active material adaptive-tuned
vibration absorber using relative phase

Keith A. Williams,
George T. Chiu,
Robert J. Bernhard

MEMS actuators for boundary layer control of

Nikhil A. Koratkar,

21 : Theodorian
micro-rotor blades .
Borca-Tasciuc
L Changho Nam,
7 Application of shape memory alloy (SMA) spars for A ditigChattopa dhyay,
aircraft maneuver enhancement .
Youdan Kim
Daniel D. Shin,
Development of a SMA-based actuator for compact Donggun Lee, Kotekar
23 1 o
kinetic energy missile P. Mohanchandra,
Gregory P. Carman
o4 Design of an improved shape memory alloy actuator |Kiran Singh,
for rotor blade tracking Inderjit Chopra
5 Fabrication and testing of a shape memory alloy Justin K. Strelec,
actuated reconfigurable wing Dimitris C. Lagoudas
2% Aeroelastic vibration feedback control of smart aircraft | Zhanming Qin, Liviu L
wings in subsonic flight speeds Librescu
Cristovao M. Soares,
. . . . Carlos A. Mota Soares,
27 | Modeling of layerwise piezolaminated structures Jose E. Semedo-Garcao,
J. N. Reddy
Implementation of structures with self-sensing Wai W. Law, Wei-Hsin
28 | piezoelectric actuators incorporating adaptive Li e H
mechanisms iao, Jie Huang
. . , , Francois Cote,
29 Dynamic and static assessment of piezoelectric Patrice Masson,

embedded composites

Nezih Mrad
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Smart composite material system with sensor,

Ryutaro Oishi, Hitoshig
Yoshida, Hideki Nagai,

improved performance

30 | actuator, and processor functions: a model of holding Ya Xu, Byung-Koog
and releasing a ball
Jang
31 Thermal deformation compensation of a composite élaoqép Zléou,
beam using piezoelectric actuator angbing oong,
g piezoele actuators
W. Binienda B
. . | Yongrae R. Roh,
39 }?evelopment of a new standing wave type ultrasonic Jae wgha Kwon,
mear motor
Soosun Lee
Stewart Sherrit,
Steven A. Askins,
33 Novel horn designs for ultrasonic/ sonic cleaning, %/([eﬁjixﬁ;a%z.l%olgin,
welding, soldering, cutting, and drilling Xiaodi
iaoqgi Bao,
Zensheu Chang,
Yoseph Bar-Cohen
Zensheu Chang,
Benjamin P. Dolgin,
34 | Modeling of particle flow due to ultrasonic drilling Xiaoqgi Bao,
Stewart Sherrit,
Yoseph Bar-Cohen
Xiaogi Bao, Zensheu
Chang, Stewart Sherrit,
35 Analysis and simulation of the uitrasonic/sonic Benjamin P. Dolgin,
driller/corer (USDC) Yoseph Bar-Cohen,
Dharmendra S. Pal, Shu
Du, Thomas Peterson
36 Adaptive estimation of angular velocity and Jay Karmarkar,
acceleration of a single-axis MEMS coriolis sensor Sahjendra N. Singh
37 Computationally efficient piezostructure modeling for |Robert E. Richard,
system optimization Robert L. Clark B
Experimental study of model-based feedforward Ton Pelinescu
38 | control of longitudinal wave transmission through Balakumar Balachandran
|| hollow cylinders
39 Active noise control with a hybrid control algorithm éf;g;g{slgl; Kim,
using an active/passive smart foam actuator Chul-Ha Roh
40 Comparison of ampli.ﬁec? piezoelectric actuators based Philip W. Loveday
] on topological optimization
Al Simple thermal actuator using R-phase transformation Egjrg;gai(?ézg{esh,
of Nitinol
K.K. Mahesh
T Chri Tayl
42 | Comprehensive piezoceramic actuator review Grggo IJY 1\?.}]\?\;éshington
43 New dual-stack piezoelectric actuation device with I?(a):lﬁ\ffﬂ }\jve;/rf;y 1L

|

Edward C. Smith
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Fabrication and modeling of porous FGM
piezoelectric actuators

Abdulhakim Almajid,
Minoru Taya,

Kenta Takagi,
Jing-Fing Li,

Ryuzo Watanabe

45

Position control of a cylinder system using
piezoactuator-driven pumps

S. B. Chai, ]J. K. Yoo,
M. 5. Cho

46

Smart missile fins with active spoiler using a
piezoelectric actuator

S. . Kim, C. Y. Yun,
S. H. Moon, S. Hwang,
S. N. Jung

47

48

Design of single-crystal vibration absorbers

Design and development of a biomimetic device for
micro air vehicles

Razvan Rusovidi,
Jeffrey J. Dosch,

Felipe Bohorquez,
Darryll J. Pines

George A. Lesieutre

Active vibration control of cylindrical shell using

M. B. Xu,

A | smart materials Gangbing Song
Donggun Lee,
50 Piezoelectric hydraulic pump with innovative active: | Siu W. Or,
2 | valves Conal H. O'Neill,
Gregory P. Carman
-
51 Performance of a piezohydraulic actuation system 51;);1%&:111}" ir:,}
with active Valves VDVLLLLQLLl L LUALaL,
. onald J. Leo N
59 Design and testing of a high-pumping-frequency Jayant Sirohi,
piezoelectric-hydraulic hybrid actuator Inderjit Chopra
53 Piezoelectric actuator and sensor models for a shell Akhilesh K. Jha,
under pressure Daniel J. Inman
Simultaneous optimization of the electromagnetic and Frar\'k‘C. Smith,
54 . . . Fabrizio L. Scarpa,
mechanical properties of honeycomb materials .
G. Burriesci
55 itruqtural acoustic response of a shape memory alloy Travis L. Turner
ybrid composite panel (lessons learned)
56 Active stiffeners for shape and vibration control of Michael K. Philen,
circular plate structure Kon-Well Wang
57 Optimal sizes and placements of piezoelectric Akhilesh K. Jha, Daniel
actuators and sensors on an inflated torus J. Inman
Po-Tsung Hsieh,
58 Double bridge technique for temperature Y. M. Chang,
compensation of piezoresistive pressure sensor J. M. Xu,
N Chii-Maw Uang
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2. Smart Structures and Materials 2003 (SPIE Vol. 5056)

k=2 AR A A
Fabio Geraci,
1 | Development of smart vortex generators Jonathan E. Cooper,
Michael Amprikidis
Raghavendran Mani,
2 |MEMS-based active skin for turbulent drag reduction |Dimitris C. Lagoudas,
Othon K. Rediniotis
3 Effective cross-section distribution of anisotropic Carlos E. Cesnik, Ryan
piezocomposite actuators for wing twist S. Park, Rafael Palacios
Health monitoring of adhesively bonded composite Rabindranath Gubbala,
4 | patch repair of aircraft structures using wavelet .
. Vittal S. Rao
transforms of Lamb wave signals
Constructing of cure monitoring system with Nobuo Oshima, Kouichi
5= : . : . Inoue, Shinya Motogi,
piezoelectric ceramics for composite laminate Takehito Fukuda
6 Sensitivity of Hilbert magnitude and phase to Darryll . Pines,
structural damage Liming W. Salvino
Kelah Wakha,
7 Multifunctional piezoelectric stiffness/energy for Majeed A. Majed,
monitoring the health of structures Abhijit Dasgupta,
Darryll J. Pines
Fiber optic strain monitoring of textile GFRP during ﬁiiii?kléoézﬁi’a
8 | RTM molding and fatigue tests by using embedded g IN Kakita
FBG sensors atoru Nakataita,
Takehito Fukuda
Daniel M. Peairs,
9 |Practical issues in self-repairing bolted joints Gyuhae Park,
Daniel J. Inman
Thermography technique for graphite/epoxy Anna Stewart,
10 | composite structures utilizing embedded thermal fiber | Gregory P. Carman,
optic sensors W. Lance Richards
Heung S. Kim,
1 Development of embedded sensor models in Anindya Ghoshal,
composite laminates for structural health monitoring | Aditi Chattopadhyay,
William H. Prosser
12 Lamb wave generation with piezgeleptric wafer active Victor Giurgiutiu
sensors for structural health monitoring
Optimization of Lamb wave actuating and' sensing Seth S. Kessler,
13 | materials for health monitoring of composite .
Christopher T. Dunn
structures
. . . Gregory W. Reich,
14 | Structural shape sensing for morphing aircraft Brian P. Sanders
Design and demonstration of a biomimetic wing S. M. Lim, S. K. Lee,
15 | section using lightweight piezoceramic composite H. C. Park, K. J. Yoon,
actuator (LIPCA) N. S. Goo
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Active coupling enhancement of piezoelectric

Jianhua Zhang, Kon W.

16 netx'/vor.ks for vibration delocalization of nearly Wang, Hongbiao Yu
periodic structures
A comparative study on the effectiveness of ‘ Richard Russ, Mehrdad
17 | piezoelectric patches for active composite panels with N. Ghasemi-Neihad
surface-mounted and embedded sensors and actuators |~ ]
18 Deiigig oft }2;1 smait Il)anfel witkcx1 m1211‘ti}tj'le dtecentravlizieci1 g?ﬁ;zu(éfle rdl;?;loc/hi,
units for the control of sound radiation/transmissio Stephen J. Elliott
19 Feedback-controlled oscillatory motor using ionic Kenneth M. Newbury,
polymer materials Donald J. Leo
Ride quality improvement gbility of semi-actiye, Dai-Hua Wang,
20 | active, and passive suspension systems for railway Wei-Hsin Li
vehicles ei-tisin L1ao
21 é%apttive resonant‘ shunted piezoelectric devices for E/I(::flrnelg l\ljlfrc;i;berger,
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