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ABSTRACT

This paper presents the identification of temperature-dependent hysteresis of an electro-rheological
(ER) fluid under various operating temperatures using the Preisach model. As a first step,
polymethylaniline (PMA) particles are prepared and mixed with silicone oil to make an ER fluid. A
couette type electroviscometer is then employed to obtain the field-dependent shear stress. In order to
show the suitability of the Preisach model to predict a physical hysteresis phenomenon of the ER
fluid, two significant properties; the minor loop property and the wiping-out property are
experimentally examined under three dominant temperature conditions. Subsequently, the Preisach
model for the PMA-based ER fluid is identified using experimental multiple first order descending
(FOD) curves. The effectiveness of the identified hysteresis model is verified in the time domain by
comparing the predicted field-dependent shear stress with the measured one under the both specified
and unspecified temperatures. In addition, the hysteresis model proposed in this work is compared to
Bingham model.
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Fig. 1 Phenomenological behavior of the ER fluid
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Fig.4 The wiping-out property of the ER fluid

B

oM Z2e] PlolUTIEL nad AolE Hol
WlE HAL BE AFIVE FEN AR UA
3 9 HAZT. Fig 4(a)t Solgols 4
2 98 ke AR ARez T P ur
oA glom, AR P2 gold Az MEHe
2 Zase AR ARG =S ARl T4
gol 97, oF FHA T2 zolH TA 2L A3
o] RIEHt}, Fig, 4(b)& 10Ce &=oM 243 2
F2A HAA PN A a,,,) L FHA
TN R ar) 3 F GAHL Gtk F, 32
Heldze] e oAE g ay,,)e § 2
A FuAl T2 AR @) el T 9
of &AHel 77+ 29 BB Held YL nlA
A 2 dulg Fig (o), (d)E 27 30 o}
60 T LEANH ZHY Ao, dx FAE 2
Hg BeFT gtk

Fig. 35 48 4%=%% PMA A ER #47}
S2A9] WESIME Lefod BYY F29 54
29 ololUTZ 54 solgels B4 39
TERS HAG 5 Uk med ALY zjolz
292 ER #A9 F2HANL AFS w9 2 7)
€% # g, exxgel WEslq 240

e

ro

Jl

FARL ¢ ATANE ol 23T wgoz
Solx HYg 0§ ER A9l SujeiAs Y
& FE3AT

FeSUSSHEE=2H/A 128 A8E, 20024/651



# G- 52

#

of¥

2.483

3. 2=Y Multi-FOD =z}o| &} =24

2 dF7dA PMAA ER #+39 32HZAL A
52 71237 98 AYE Tl pUe Sota
oz mgsd tgg 2

7,(0)= [[ @ By ylEW)da dp @
0471*1 v E SZHEAL Felol, pE ZeholF

Rolel, E()% r,(nE 27 27133 3889
% yehdo:, J8Y u(e, B)E 7HEFEA AH
szvlgAzdA A Delolrt AAsE T1EA ol
W, a% gE 77 FHolE AT AIAIE 9
ggrolth A7 QIgol Al me} s
Yalols e AHRe A7l wet AskE Assol
29ge AMRL Fig 59 2ol 715 1w
s} RE P05 2L watw HA Axde)
£ "tk ER %A 48 £ A& /M 0w
@ s|2slgA2 Delol: Fig 5(b)sh 2tk ER #
A9 FEgYol veplE F2EPAL FZE QY
(4717 3% 22(FRLY) TAZ A A KRR
o P EASEE, LelolE 03 19 2YRS 2=
£ 48 4 Ytk Fig. 5(b)s gol RE Yol
o Zgola WA P=((ah) | a=p13IH HoZ
B, o 9 4243 9 43 ER A4 A
Sl 7lodskA) gom, o % g E A% R
7o) 4w dge Uehit oled Zajold
7t A FaAolsy g Agsl =z

T3 2ol F A9 AMIHLR rold F Slnh

aﬂ
E-* Ot
. >,
j \ o=

() Block diagram (b) Preisach plane
Fig. 5 Configuration of the preisach model

P_={(a,B)=P| output of 7, at ¢ is 0}
P, ={(a,8)=P| output of 7,5 at ¢ is 1} (4)

of F e 7z guolrt 034 19 2Hge A
L geolth ZE FalolE 271 09 A Aok
7t Qeo] FAHOE F7Hl wet FAOELS 19
Zoz ABAT 3, 4ol Z7Kel Wt FRRA
He 92 oBaL, P, 990 F/k 123 o
A QEol Fas Adsd, A AANL 22F
dX 9%oz oEse] p. e Z7HI7IM, Bd
o) & 1614 022 AN 4 (49 AYZ
2, 4 (3 e 2ol 2us A8 4 U

7,(0)= [[ uta, BYadp+ [[ ua, Briadp

=jj ule, fYladf )

Fig. 62 =Zglo)zd o)X (e, AHE AAI]
A% g FF dojtt. ¥dF H7)Fol HAFHOE
MR Z715 & g 08 ZAFHA o AF I
o 37 FAE TEH olgdt Y FAHE wet A

71 AL 299 Hste a3 2o

af
Y

T(al’ﬂl)=rj‘_r (6)

oleig Ae) Wske Zajolz Heolq 44Y o

o Q7F ZAAasH ok waA 949 Qo disl 9
T HEL F2HEANE Y Flo|e} T} oF
Ftxoz gHIH s P
op -0 = [ u(a, ydadp
Q (7)
Ty a
A s \
™ ,',,/I @
P 5 }(
7 /, Q
0 A @ " ) >/

(a) Input-output relationship (b) a— B diagram

Fig. 6 A sample identification

652 /st= 2B EeJes=28/A 128 A 8E, 2002



Preisach 2492

o] &% ER A9 2&HE JAHHNX B 37

wbd, 24 (6)F (NN2ZRE Zgo|z 4
T(a;, )T PH3 o] #8E & Yok

|

T(@,B)= [ [ ma,p)dadp
BB (8)

4 (5)NM AzHPA2 2YS 7o) 8 Bew
HERE (.88 T A A ()€ HRa
| oot g

uey, B)=—=—=T(a, )

adf (9

Z (e, 8)E AP el 2WT £ Y
T(ay,8)9) F5olth 2502 ARANS) &
£ RS Y T(e, HE ARROEHN 27T 7}
295 u(a, HE AT F AT AW, vy
A 2§ o|FAEI} vlRo] FyHolol PO & o
s A4 7We) Agol EAHY WPoE o)
o’] %{_E}_.(S, 8 10y

B ATME Ay volBERY FXYoz A
d Zolzt ¥45 Agd ER fA¢ zho)z
vde pEaT = 4% HoHE 722§ 8
AHEPNA 24 O $4E fEsE Aol
Fig. 7¢ 27} ®E Zass 195 Wag ¥
g, @74, P, E ATEE o %oz mum
S glon AaRHez Azt AgaE @9 ®
HE Tlay, B Tlay, BOE BHDE 4743

Seo) Aoz EHY 4 AU,
n(t) %%

r, =) [ [ma BdadB V(a.B)eQ,
k=l g, B

GO

| [u@ prdadp=1(a,. B, )~ T(@, B,) Y(@,.5) 0
B B
(10)

Wehd, FELHe ABUE @0 WAL wF o
stel thesh ol AY delHEYEH ARHE e
2 598 + Ao

l

0]

7,(0=Y [T B)-T(a, BO] (e, B,) €O,
k=1
(11)

v 4 7 4
A

(o, 0.0 CHYA)

(e, 5,) (2. 5,0
a -
a— E{f)
lm—— E(f)
2] o
F X0
- 5 »5

(a) Increasing input (b) Decreasing input

Fig. 7 Numerical implementation of the preisach

model

a97 A% 9ol 8T A= A Bran
= A+E TSkl AT $2 Agse Hatd
S|2H A A Y ()T T Zo] FRFHoR
E&]Qq(& 10)

n(t)-1

7,(0= Y [T, 5.)-T(a,. 5,)]
= , for increase

+T(E®): Bun)
nty-1
Ty (t) = Z [T(ak s ﬂk—l) - T(ak > ﬂk )] , for decrease
+ [T(an(t)’ ,Bn(x)-l )- T(an(l) ’E(t))]
(12)

oeie xejolat Ede) £x4 AL Zajolzt
Hlel 588 AR 4NN T(a,, g)E ABHL
2 Falor B AAHoE §I 4o A
Jol A3 A8F 247 dolHe A4 4 A
A48 AN 2= AT 9l de 24
HolHE H45A Tohs ARe BN, meby
BAWSE e 98 A7) Axdael Ea
#X e WE e Zo) 0 Fa, o2y
B T(a. 808 ANET,

r;"”* =c, +ca, +c, b, +c,q, B, , for square cells

r;'*ﬂ P =c,+¢a, +c,p,, for triangular cells
(13)

SAW, 4 (129 71F Zejelz 2hL FR 4
o s2HENA AF F4) T2 489 A 2
F LEZAY W me W szHAs

SR ESH=2Y/A12E A 8E, 2002¢/653



pan

=R R

229 %oz sl BR 4419 AF 24 4%
# 9xg %2“} A BT webd, B AFNE &
Eo] W2 R #A9 A2HPNL AT 542 T
dap] sl 129l meold mue eEe] BE
B2e 8% BYS AQWT BA, Fig. 834 7ol
ER 49 AFLE 722 AR, 4 78 2

A £xo disl A7) FOD F4& T3t w412
AAFOZA, Multi-FOD HlolHE ;L%z@c}, i)
IR & 24 w Y 2= 73

923 FOD HoJEZRY thg3} 7o)
et

(14)

o714, K& ER A ZAE2Eeln], 9 i+1
o Zb7t A L&t &8s LTk Aet BAS
Uehdth I83 »E AA FHE A BEEA o &

274& vt wEtd 854 25 Ko WE
Zeo|d g T(ay, B KIE A (6)9 A9t 4

(13), (14)l o3 A olz278 2§ 22z
o MEE I ALE Multi-FOD Zgjo|z 24
< tEFH Zol AT AF 2k W Heoz ¥
5899 slzHAAE 28 (4, KOS AT

n(r)-1

7,(tLK,) = Z[T(ak’ﬁk—l’Ku) —T(ak’ﬁk’Ku)]
= , for increase

+ T(E(t)’ ﬂn(zp] 3 Ku)

Fig. 8 Interpolation with temperature

n()-1

oK)= 2@ oK) -T@ Aok g crense
By KT LK)
(15)

4. S|AHBA|A Al 1 al Ay

2 drelA ARG RdE Akl s 30T,
60C 2% ois] Zzte] FOD F4g HA¥S F3l

73900, Fig. 9(a)& FOD F4& 437 s
A7bE A7ZE L}E}‘ﬁl‘:} 7‘47]%94 HAE 0 kV/
mmA 5 kV/mmelHs, Z5% 1079 4oz 2
A dA, A7)FE 7—} -_rLﬂ—J HU@GLZ A5
3 T AGYE o Z 05 kV/mm 4 7r4asted 20%
T AEA FATFLRN FAFHY REIES
4o 182 4 7%]‘4?:]@! oit} AESH S A5
o FOD HolHE +¢ ¥ oF AdddS Artst
qon, ols zZt Fd dis] WEIE=E FAch
Fig. 9(b), ()& & ATy 73 z+ ¥ FOD
AL HoFEn, ZF FOD FA4L 667129 wloje 9}
10719 4oz FA5e gt FOD FA4o gy

H 238 4982 doluE WA (o A9 A7
Hol gEHdt 54 yolHs LExA0E Y
T(ay, B K)E T8Z, 4 (15)9] 758 29S

6 400
— — ~—e— 0.5 kV/mm
[ T —4— 1.0 kVimm
E Q- 300} —%—1.5kvimm
S 4 @ ~4—2,0 kVimm
=2 4 —4—2.5 kVimm
v 3 (.}:) 200} —»—3.0 kvimm
[
w 2 & —e—3.5kvimm
2 D 100 —%— 4.0 KV/imm
D1 17,3 —8—4.5kVimm
o2 ~—8—5.0 kV/mm
w g

0 220 440 660 880 1100 1320 0 1 2 3 4 5 6
Electric Field (kV/mm})

(a) Electric field for FOD curves (b) Measured FOD curves(30°C)

Time (sec)

00 350
—8—0.5 kv/mm

= 1.0 kvimm 5 300 Fitting ﬂm‘c,t:un
O 00 —%—1.5kvimm o e (20.98E
@ —4— 2.0 kV/mm b
g; —4—2.5 kV/mm @ 200
£ 00f ——3.0 kv/mm [
7] & 150
5 —8—3.5kvimm | o
S oo —*—4.0kvimm | § 100
< —e—a5kvimm | S o
€N —a—50kvimm | &
0O ] 00 1 2 3 4 5 8

1 2 3 4 5
Electric Field (kV/mm) Electric Field (kv/mm)

(c) Measured FOD curves(60C) (d) Bingham characteristics(30C)

Fig.9 FOD curves and bingham characteristics
of the ER fluid

654 /S22 B S =28 /A 128 A 8s, 20029



fFAS 229 3| AEEA

>
i
2
Fd
Y

6 350
= Preisach model
E 5 T - - -Bingham model
s ¢ e
é 13
g?® g
2 2 5
Q1 &
3 2
o 0 2]
w 1 -50
“o 100 200 300 400 [ 100 200 300 400
Time (sec) Time (sec)

(a) Electric field input (b) Hysteresis response

60 350
Preisach model Preisach model

—_ T = 300 N
g O - - +Bingham mode! | & Bingham model
e w0 I < 250] e Actual
a r " ®
8 1t 8 200
7] ! Y “' AN w 1% 1s0
o N . - o
3, W 8 100
= T ¥ £
® At 9 50 .

. o 5

200 100 200 300 400 0 1 2 3 4 5

Time (sec) Electric Field (kvV/mm)

(¢) Prediction error (d) Hysteresis loop
Fig. 10 Actual and predicted hysteresis responses
(30C)

ol &3l <deje] A7 dgel sk PMAA ER
FAY AGSEE FAHAoH, AP T AF

st L5z FOD HolHE ¢2dE 30 T
A Yool & 45 CE AT ZH Zgo|zt B
g9 groy AN A 2k WIE Iy
AH Multi-FOD Zzto|zt Edlo] 4 A#HE 1
efilon volrt 4 (1)9 Wy Edat vy
t}. Fig. 9(d)e A48 4 2YE F3p7] S8 &
A& ER #A9 WP EAdoln, dyrHez ALy
£ 30 Co 2=x7 selA FAHIAL, o o
7, (E)E 20.98E"® o]t}

Fig. 10(a)9 11(a)= 3|&HZALE 4 HAIAE
gshr] sl AvkE 27178 Ao, 30 T} 45
Co F ez ds) BF 72 d¥s AL
ek WA, Fig. 10(b) & FOD AL 23 e 30
Co) 2nzelA HARH FAEHY IzvHAL
AZE etk o] A% AgdE 29 Multi-FOD
Zalolzat gds} 729 Zolzt Rde 722 A
2 UehfEE =Zgo|z RdzE EAsY iz A
o Yehligith AFERE U Hdlof vls] zejo
2 mdo) o8t FAAATL HA dFAFS o
TGS & 4 lon ol ATkl ATl wat
94 Vel ok 122 Fig 10(c)& Zg}o
Z B FAHOAI WY Rde] xR #AF
Hee Rzt o W3 EdI} AQkg mejolzt

8 450
—_ Proposed Multi-FOD Preisach model
£ 5 T asol - Conventional Preisach mods!
§ 4 Q - « ~ Bingham mods!
3 73
= 3 12
b £
2 2 [
[ . |5
L1 o
k3 =
&8 o @
u 1 50, —_t
0 100 200 300 400 0 100 200 300 400
Time (sec) Time (sec)

(b) Hysteresis response

—_

a) Electric field input

120 350
Proposed Muli-FOD Preisach model Proposed Multi-FOD

= 80} e Gonventional Preisach modlel T 300 Preisach model
& , T Bingham modst Q. 550 —Bingham model
~ 60 s Y wremeenes Actual
(2]
w1
g 30
[2]
5 O
2
& 30

-60 [}

o 100 200 300 400 0 1 2 3 4 5
Time (sec) Electric Field (kV/mm)

(c) Prediction error (d) Hysteresis loop

Fig.11 Actual and predicted hysteresis responses
(45°C)

299 HUFPLA= 7zt 483 Past 17.3 Pa®
btk J2 2 Fig. 10(d) = 3&EEA LS B2 O
B Aot} o]ERE =go|z Rdo] PMA Al
ER §A9 2" Ass & FAEE & +
At} Fig. 11(b) EEH A9 2EFZHOZAN 45 C
£ dAstd FYF s 2HPA: FALAAE HAF
th 2o 3k WIE y#dk AU"E Multi-FOD
zgo)3 Edo| AR H F FARAL 9o,
2T g YA g2 7E o]z Rd Wy =
dof wls] AARE & F }3’_‘:‘ AA T, 2wzt
o Wg 3AHAL 91143‘% g EtA] Egtel| et
Fig. 108] Aol wg] AAH thah 2Jo]|E Kol
Atk Fig. 11(c), (d) & 33te FH LA} 3 2H
AL FZE Yepd RAojtk ojm) REE 1T
Multi- FOD Z o]zt Rdls} 228 w34 F2
71E Zgo|zk Bd T2y WY Rde] Ao FHQ
2= 242t 200 Pa, 46.8 Pa, 71.4 PaZ JEIRth o
H3 A2 RE, ASH 25 Multi-FOD Zgo]
2 Rdo] 2Lz MFsAE ER A9 3|~
HYA A AFS o 2 FHTS AT F 3tk

548 &

B APos 2t 2AE gl g
W& PMA A ER A9 s|&HZAE AFS 1

SR, A7 wE ER 39 ]*Eﬂﬂ*l*ﬂ
SISASXETets=28/21 128 A 83F, 2002d/655



<

o I

}él

ﬂg_',

sflUREL 54 golFoke E4L o
4oz Z9sgc 193 L¥E &3

FOD ZAE Alolo] BES H&sa FAH
gold BYS PEGT AMY FdErH 244
ABSAS 2% MLFOEA ALE BdY §
4S YEHAT Yot AgtE Zebold zuH
WY 2o AUy 2o B MLAFI} S
A, AL R A9 ool 29E Gl

udt

ult.

=

=

w»%m
>z e
1Kl

Jl}lt

7l

fo

Y124 (National Research Labo-
o]Fo]3]

2 e F7H%
ratory : NRL) Z273H9] o &3}
o ol ZAAEYUYT

ikl

o 2§

(1) Choi, S.B. and Kim, W.K,, 2000, “Vibration
Control of a Semi-active Suspension Featuring
Electrorhiological Fluid Damper”, Journal of Sound
and Vibration, Vol. 234(3), pp. 537~546.

(2) 48 AsE, F93, g9, 2571, 2000,
“AFRE WE ER vRHESY FEA AT 3
25753834, A 104, A5 %, pp. 819~829.

(3) Kim, J. W., Kim, S.G., Choi, H. J. and Jhon,

M. S, 1999, “Synthesis and Electrorheological
Properties of Polyaniline Na® Montmorillonite
Suspensions”, Macromol. Rapid Communications,

Vol, 20(8), pp. 450~452,

(4) Gorbet, R. B, Wang, D. W. L. and Morris,
K. A. 1998, “Preisach Model Identification of a
Two-wire SMA Actuator”, Proceedings of the
IEEE International Conference on Robotics &
Automation, Leuben, Belgium, pp. 2161 ~2167.

(5) Ge, P. and Jouaneh, M, 1997, “Generalized
Preisach Model for Hysteresis Nonlinearity of
Piezoceramic  Actuators”,
Vol. 20, pp. 99~111.

(6) =, ASE

Precision Engineering,

. 1999, “ER ZYx9} ¢A#E
718 o83 fd AEY ZE ZHAAS” Ud
Z1A s =23 A, Al 239, A 12 &, pp. 2226~2235.

(7) Mayergoyz, I D, 1991, “Mathematical Models

of Hysteresis”, Springer-verlag, New York.
(8) Mittal, S. and Meng, C. H, 2000, “Hysteresis
Actuators
IEEE/ASME
pp. 394

Compensation in  Electromagnetic
Through Preisach Model Inversion”,
Transactions on Mechatronics, Vol. 5(4),
~409.

(9) Hughes, D. and Wen, J. T., 1994, “Preisach
Modeling of Piezoceramic and Shape Memory
Alloy Hysteresis”, Proceedings of the IEEE control
conference on Application, Albany, New York, pp.
1086 ~1091.

(10) Song, D. and Li, J. C., 1999, “Modeling of
Piezo Actuator’s Nonlinear and Frequency Dependent
Dynamics”, Mechatronics, pp. 391 ~410.

(11) Stanway, R., Sproston, J, L. and Stevens,
N. G, 1987, “Non-linear Modeling of an Electro-
rheological ~ Vibration = Damper”, Journal of
Electrostatics, Vol. 20(2), pp. 167~184.

(12) Spencer, B. F. Jr,, Dyke, S. J., Sain, M. K.
and Carlson, J. D., 1997, "Phenomenological Model

for a Magnetorheological Damper”, Journal of
Engineering Mechanics, ASCE, Vol 123(3), pp.
230~238.

(13) Kamath, G. M. and Wereley, N. M., 1997,
“A  Nonlinear Viscoelastic-plastic  Model for

Electrorheological Fluids”, Smart Materials and
Structures, Vol. 6(3), pp. 351~359.

(14) Kamath, G. M. and Wereley, N. M., 1997,
Viscoelastic-plastic Mechanisms-based
Journal of

“Nonlinear
Model of an Electrorheological Damper”,
Guidance, Control and Dynamics, Vol. 20, pp. 112
5~1132.

(15) °1=, 2000, "A7IrafAe S &
£4A e HrP, A =E, dstiigy,

(16) Sim, 1. S, Kim, J. W., Choi, H. J., Kim, C.
A. and Jhon, M. S, 2001, “Preparation and
Characteristics of  Poly(p-

Chemical Materials,

Electrorheological
phenylene)-Based Suspensions”,
Vol. 13(4), pp. 1243~1247.

(17) Kim, J. W, Jang, W. H., Choi, H. J. and
Joo, J, 2001, “Synthesis and Electrorheological
Characteristics of Polyaniline Derivatives with
Different Substituents”, Synthetic Metals, Vol. 119,
pp. 173~174.

656 /et AS TS ZEE =28 /A 120 A 8E, 2002d



