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Vibration Control of Seat Suspension System

Using Rotary Magnetorheological Damper

Dong-kyu Kim

Department of Mechanical Engineering, 7he Graduate School,
Pukyvong National University

Abstract

MR fluid(Magnetorheological fluid) is smart fluid that can ‘change viscosity
of MR fluid when magnetic fields are applied. Recently, a large variety of
MR device has been developed to use characteristics of MR fluid such as
damper, brake and engine mount.

This paper proposes a design of rotary MR damper to substitute existing a
linear MR damper. for 'seat suspension system and evaluates vibration
characteristics| of seat suspension system by performing control of vibration
after constructing dynamic model of seat suspension system using proposed
rotary MR damper:

Rotary MR damper ~which s  constructed on cross-link of seat suspension
system replaces a function of-liner MR~damper. Prior to design of rotary MR
damper, rotational damping coefficient is concluded when rotary MR damper
1s assembled on seat suspension system. For a performance analysis of the
rotary MR damper, magnetostatic analysis is performed using the finite
element model of rotary MR damper by applying current form 0 [A ] to 2.0
[A] on the model. The torque of the rotary MR damper is calculated based
on the results of the magnetostatic analysis by simple equations. After design
parameters of the rotary MR damper are selected, magnetostatic analysis is
performed about change of design parameters. Thereafter the effect for
damping characteristic of rotary MR damper is investigated.

Vibration simulation 1is carried out to evaluate vibration isolation



performance for proposed rotary MR damper. For study for vibration
characteristics of rotary MR damper, seat suspension system is modeled with
ADAMS which is software for analysis of multi-body dynamics. Thereafter
co-simulation is performed with MATLAB/Simulink which can develop
semi-active algorism and the seat suspension system model. Based on results
of vibration control simulation, vibration isolation performance of rotary MR

damper for seat suspension system is evaluated.

Keywords : Magnetorheological fluid(A 7] 9 A, MR{#]), Rotary MR
damper( 3] 7 2] MR® ),  Seat  suspension  system(&d7}2] *HA),

Magnetostatic field(® 2+7%), B-H curve(B-H 34)
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Ao oJalE w7 A AFEE 7IZol tid v S Table 2.2 et

Table 2.1 Nomenclature

Symbol Description
T Fluid stress
Ty Field dependent yield stress : Found in MR fluickssheets
H Magnetic-field intensity
n Plastic viscosity & = 0) : Found. in MR fluid spec' sheets
v Fluid shear rate
il Fluid shear
G Complex material modulus
AP Pressure drop
APn Viscous component of pressure drop
AP, Field dependent induced yield stress componentre§spre drop
Q Pressure driven fluid flow
L Length of fluid flow orifice
b Outer Radius of the Piston
D Piston Diameter
Fluid gap
w Width of fluid flow orifice
c Constant*
F Force that is developed between pole plates inrshesle




Viscous shear force

Bl

Magnetic dependent shear force

Relative velocity between pole plates used in sheade

Pole area

Active fluid volume

constant

N R SR N

Control ratio

W, Required controllable mechanical power level

*c=2 (for AP, /AP, less than ~ 1)g=2 (for AP, /AP, greater than ~ 100)

MR &=

B ARE AAE U@ nA2R 2d HolAt) o xu
oA WA FA fES A (2107 (222 dEuel s Wl WA e o
A A o)
T=1,(H) +ny (2.1)
T>T, (2.2)

221 22014 = fEeES vHekdla, e A1l e
w o] FESHS Yekdt. e A 7PE(magnet|c field intensity)y =
5 W& (fluid shear rate)12] a1 H=09 wo "4 e
Aol T °

SH(d 5 AH) OMMW FAE Aed A¥e Ao
detgd A%e 4 (2301 s EdH Ax, (e B
A} Al 47 (complex material modulus) 1} E}ic).

rﬂizlo

AR A

=Gy, T<T, (2.3)

MRFAE AL&& el FAEe f52e(flow modef A9k



o = (direct shear mod®) 42 RHFHT. §ER=9 AdR=9 93
= ol o 7ol A9 & 4 9t}

FER ALS® MRAA A9 gty wale 4 (2.4)) vERd.
714 ¥ WSHAP)E A4 8a(AR)k AV e EAE FES
H QA (AP)Y Fo= 7tHH.

AP= AP, + AP, = 121QL , T/ (2.4)
g w g

2l (2414 Q= MRAA Rzl o 8s Yeda, L, g, 18
wE Fig. 2.1 Hol= AA=A zZ+z 145 A7 Z(magnetic poles)i}o]
o Aol, 74 34, 2Yi FEegyzo yrE 2474 yeiy. A

F2lel A AP /AP MY o Ed] 2 ~ FhA] W
AP /AP 7Y tlgf 10]3td W cgte 22 AExn, AP /AP W7t =
10001*0L = col gk & 3o] A=HET

rr

c FTERE

o
T

applied field

-1 _.

pressure

g flow (Q) =—> )

L |

Fig. 2.1 MR fluid in flow mode

Fig. 220 Beol: AWEE MR dislA 4 (25)2 o3 4 9
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ol
=
_;
1N
)

=
o,

(pole platey] the Sel] U FS s
K %Zﬁ’% w = dARelol go] %

9 azs A0l os A Avd gae Foz AL
2504 Fe F 3 Alolo] IAHE IS

o,
2

&S
flo
o
oX,
N,
e
B

al
Fxe AN o3 dAd [, As A=LW=2 Agg =3 od
A& YER T

applied field

1 l_
|
w speed (S)
force
0 7

Fig. 2.2 MR fluid in direct shear mode

V= k(—n—jA W, (2.6)
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(Unit : mm)

h

/
[ ¢ usp

Isp

s

Fig. 2.3 2D model of seat suspension system

L =
b [1°€

T/\ y(t) =Y sin@,t

Fig. 2.4 Equivalent seat suspension system model

=
5
Ho
k1
b
=

A= 2 57 N F FoR ~zZy] A5E
Abgetel 7 2xE ASE 7R F AHASFE e A
(=045 Adgste] @74 Fd49 FAAFE Adsdn. (=04=
TR Fagol e FHol 1.5 ~ 2.0t 57 wiitel dubHom AT
S dE & F ds #n oy] wWie AE sk gAAFE T
Hall MA 7 2=ZY AES Teksdth. Table 2214 Fo{X gk Fig
239 78t FxE ol&ste] T 2x2E Alas A (29) ~ (212



ol AArstd Tt AAE 57t ~22ZE A49 Table. 2.214 Folxl A
I AAR((=0.4)5 AHgate] A (2.13pF o] FAAFE ALt 4
Table 2.2 Dimension of seat suspension system
Symbol Value Unit
m (mass) 75 ke ]
k (Spring stiffness) 25000 [N/m]
[(Crosslink length) 0.350 [m |
Lsp 0.1177 [m |
Ly 0.0742 [m.]
h 0.125 [m ]
Posp 0.0337 [m]
by, 0.0157 [m]
2l (2.9)%F (2.10p1 4 57 ==& AlFE Fob7] Hs Bad A4xE
T3kl
( L,—1,, cos0+h, sind
_ 1 sp usp Isp
¢ = tan (husp0089+ lyoysind T hlsp) (2.9)
6 =sin"! (%) (2.10)

_12_



l

usp l
k- m =k * T cost (2.11)

usp

A (211 kol BsiAM sty 4 (2122 e 5 A

2
)

2.12
“ Pcos¢p - cosh (212)

A (212p14 8 e7F 2ZH e ol&skel AHATE A (2.13)

J% 7EL°] O]'/v\

¢= (- 24k m = 1058.7[N - s/m] (2.13)

2l (214 WA= v bR Bdd 5 B2 ot o] % WAA
& olgotel\fal) @5l 480 BAAE An9) gHgas For
17 BAATE fuaaried @149 242 98 4 (2158 2ol
HHEIY GO fEa] AAnH ASE Tt

mx + cx + kst =k sinwt + cwYcoswt (2.14)
x + lcosh = T'=2cpw
c- écos&w - lcosf = 2cw (z = éCOSQ cw) (2.15)
o= c!lcos@)Q
) =

4

oqma,e:sin*l% (h=a—y+125)
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w2 (216)) To] Hwel ztEme wAS f
@179 W] A (2.14) 2o HAA @so Y
e Tarsh

. 2.16
T e cost (2.16)
. 209 .
mx + w+ k., x =k, sinwt + cw Ycoswt (2.17)
lcos ¢ 1
As 3 T8 k== Table 2.3 vefdt.

Table 2.3 Calculated parameter of seat suspenstmatelm

Parameter Symbol Value Unit
Equivalent
e Kegq 1439.2 [N/m]
Spring stiffness
Damping coefficient c 262.84 [N «s/m]
Rotational dampin
- . Cy 7.02 [N +m -s/rad]
coefficient
23 3| ™A MRE{ T o =
S7HE BEA 5S4 ngste] Figo 2.5 #Zo] 314 MRS A7
sl 7129 ¥ MREH = fF5R= AAAR Abd 34124 MR
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237 CATIAZ A gdte] 339 =dae shla Fig. 251 344
MR¥Is ] 339 wele) ve e e
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3] A2 MR¥l 3 o] #3:(magnetic fluxy} =< &= (magnetic flux density),
A} A 7 &= (magnetic field intensityg #3171 $1dl A AR )& &
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o8l MAXWELL S A4 59}
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Fig. 3.1 Flow chart of 2D magnetostatic analysiscedure
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Table 3.1 Relative permeability of each part

Part name Relative permeability Material
MR fluid B-H Ferromagnetic
Disk B-H Ferromagnetic
Flux guide B-H Ferromagnetic
Tube 1 Paramagnetic
Shaft 1 Paramagnetic
Support 1 Paramagnetic
Nut 1 Paramagnetic
Teflon 1 Paramagnetic
Background 1 Paramagnetic |
Coll 0.99 Diamagnetic

A E AdQ MRf-Al9E SM10C i §F B-H =413 Fig. 3.4 Fig. 3.5
of e AT

Magnetic flux density (T)

o0o-f

— T i T i T i T i T i T i T i
i 100 200 300 400 500 600 700 800
Magnetic field intensity (kAMm)

Fig. 3.4 B-H curve of MRF-132AD
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NI= H,L+ Hg (3.2)

H»y Hie 247F A3 frAA A AAREoth A&dE Be 2
A% Hel F&olth. Bey Hel dnkAQl #A= 2(3.3)% Zth

B= pp,H (3.3)

ASF A b AT fAFA ) B A ol
A= Aot AR e BL:B_qom. A (330 4 (342 @20 T
sel HAAY AU A (359 98 Fozith

_ po VI
(L) + (9/1) (3.5)

MR A e ¥ FA&ur v

AA AR A7IF] RN Ho] B FAES
15 = 2 (3.6)o= A3 & £ 9

Av. ade2 54 AN AE5H



B=uougﬂ (3.6)
g
FAZAANA AAGFEE 2 3.7 s Fo H
Hf% (3.7)

Fig. 3.49) Ml?ﬁ{ADQJ B-H =4 o] A = 125[kA/m] &
Aesta I=2[A], g=4[mm] s} CH9 A Fig. 3.6
Fnaw AFHos A4 HHL 9 3.8 ol
T8 5 Aok AN I=2[A]l = AR M #Hd oA
Fae |

J

(3.8)
S
—i_

Af

! etic f1
(length of steel path) W magnetic v

Fig. 3.6 C-shape electromagnet
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Fig. 3.7 Design parameter of rotary MR damper
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Table 3.2 Nominal design value of parameters

Parameters Nominal design value
L. (active length) 12.6 mm
t.r.(core thickness) 3 mm

g(gap) 0.4 mm

Fig. 3.8 ~ 3.1% Table 3.2] X 4+& 7IA+= 324 MR¥H ds)A
AF7E 0 ~ 20A] 2 w ztzbe] AHol W@ A< (magnetic flux), 24
= (magnetic flux density} =} 7 7= (magnetic field intensityd el St}
3144 MR¥EH O o] Fawake] diair A olnz i AARE 4

B oAdwke] oa) A e e QL.

(&) Magnetic flux (b) Magnetic flux density (c) Magiaefield intensity
Fig. 3.8 Analysis results at (/5]
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‘ Flux Dines. .. T H(A/m]
B 7.0445e-005 -
_ R —— N e 7.3069e+004
[ —— S s102e1000 =
T
I =
I =
L)
AY
| )
[
T
= )

(&) magnetic flux (b) magnetic flux density (c) matmdield intensity

Fig. 3.9 Analysis results at 140]

Flux Lines... B[T] H{A/m]

9.2013e-005

8.3621e-005 2.1980+000 1.8749e+005
7.4330e-005 1.97822+000 _ - 1.68742+005
6.50382-005 1.75842+000

5.5747-005 1.5386e+000

4.6455¢-005 1.3188e+000
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1.8561e-005 6.59402-001

0.2802-006 R 4.3960e-001

~2.25792-008 .19802-001
000024000 0.0000e+000

(a) magnetic flux (b) magnetic flux density (c) matmdield intensity
Fig. 3.10 Analysis results at 14|
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Fig. 3.11 Analysis results at 240]
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Fig. 3.12 Magnetic flux density of nominal design
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32 Ao EF

B AdAE 544 MREM Y AAWSEE WFAA 447 4L &
Wakol o Aol AE AAel W@ oA

B9 F44 MRES S F8 AANF e
A AAEe Fastel 7% dAY H4 Avtsh wwste] U7
A Aol mAE GRS 24 S W AANFEY g 7]

Table 3.31 “}ERH AT

Table 3.3 Changed design value of parameters

Parameters Nominal design value changed design value
L..c(active length) 12.6 mm 10.6 mm
t..r(COre thickness) 3 mm 2 mm

g(fluid gap) 0.4 mm 1.0 mm

Table 3.3} Zo] Z7z9) AAWMES MAs ] 2.0A] ) AFS A7
S o zbzhe] MAAM S o $- 24 (magnetic flux), 2} £ = (magnetic flux
densityp} =4 7= (magnetic field intensityd: Fig. 3.14 ~ 3.16] Y e A
=
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Flux Lines.

. B[T] H[A/m]
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|

(&) magnetic flux (b) magnetic flux density (c) matmdield intensity

Fig. 3.14 Analysis results of changed active length
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(a) magnetic flux (b) magnetic flux density (c) matmdield intensity

Fig. 3.15 Analysis results of changed core thicknes
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Fig. 3.17 Magnetic flux density for parameter cheang
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Fig. 3.19 A Cross section of direct shear mode

342 MR ®le = E3 7= 2 (38)% #Z¢] MR A9 3= 7
o oA\ FAE A g Ex ey A4 13 2l 139 §
= UERd.

1o
o

I=T1,+1T, (3.8)

MR #7932 Zmol 9@ ni =aF 4 @99 ol 5d ¥ &
9L, A (3102 A&l oA Awk 2 =2 7,5 A (311 2ol

Y
vEa 4 9l

dT,=7(r) « (2mrdr) « r=2mr*r(r)dr (3.9)
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o714, Re tzz WA, o g% o,
a9 fa a2 4 (3120 2ol ¥ ¥ 5 alu 4 (313)
Aol el G AH B3 T, 8 4 (314 2ol vEa &

AT, =0 (2mrdr) - v :n%Twr3dr (3.12)
R
/ T, = n2EY / rSdr (3.13)
g Jy
. W4
L=frigy (3.14)

$ oz Apols) g 34

(3 11)4l (3 14)~ 2] (3.8)01] flate 5 A2 MR 9o e

ol

E4d
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o et =3 24 (3.15)F o] &5t EAS AA 519

R2

Rl

L g

Fig. 3.20 Variable for torque calculation

Table 3.4 Value of parameters

Current R, R, g T n n

0.5A] | 274 mm| 39.6 mm 0.4 mm 12 [kPa] |0.09 [Pa-s]|| 24

1.0A] | 27.4 mm| 39.6 mm 0.4 mm 20 [kPa] |0.09 [Pa-s]| 24

1.5A] | 27.4 mm| 39.6 mm 0.4 mm 26.5 [kPa] |0.09 [Pa -s]| 24

20A] | 274 mm| 39.6 mm 0.4 mm 34 [kPa] |0.09[Pa-s]|| 24

Table 3.4 §5& 4 (3.11p} (3.14) thfstel A4 Ashs Table 3.5
of ‘el il Table 3514 HA 74 EaE Ao
e 7EH

N

t&E wel F549

_39_



Table. 3.5 Total torque of rotary MR damper

current | 7, [N - m] 7,[N - m] T[N - m]

0.5/A] 25.05 0.016w[N + m | 25.05 + 0.016w([N - m |
1.0/A] 41.74 0.016w[N - m | 41.74 + 0.016w([N + m ]
1.5[A] 55.32 0.016w[N + m | 55.32 + 0.016w[N « m |
2.0[A] 70.97 0.016w[N - m | 70.97 + 0.016w[N - m |

H

Aol A& o]&sted FId HHA MR HH EAE HFH
— 3rad/sec o] A 3rad/sec ol s AsIe] A& e £33
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Cross link

Lower plate Spring

Fig. 4.1 Seat suspension system model-using ADAMS

Table 4.1 D.O.F of seat suspension system model

Joint & Part Number ED-F/Constraint
Moving parts 8 6ab-f/part
Revolute:joints 1 5constraint/joint
Spherical joints 2 3constraint/joint
Translational joints 3 5constraint/joint
Fixed joints 2 6constraint/joint
Hooke joints 2 4constraint/joint
Motions 1 1constraint/joint
Total constraint 47
Total D.O.F 48— 47 = 1
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Fig. 5.32] o] A2 ¢l «~7lo]-5 WHuo]a DA Hade g3 2

o},

F;k:;z/ = - C;k:;z/ : ‘T (51)

Fig. 5.4°] 2442l 7AAwsol A Baas Haede ggs 2o

E?ont = - Céont : (‘T - y ) (52)

_45_



2 (5.2l Ao AA FAHe A (5.1)9] oA A Zolof 3}
= v o] 2 (5.3 (5.4)yF A HEH.

C;ont = C;krz/ (L) (5.3)
e —y)
E:r)’rl,t = ngj Z (54)

Fig, 5.5t dd&s zob AEE (z—y)o Fiaol we 749
o W¥&s dEhisith. Fig. 5.5(apk ol AuEE zep A&k
(6 —y)s 257t gow ge Wy g Agath et 1y
55Kt ol AiEE SR (2= y)e FE7L ubtholw 74
qw ad dgow vel B o AL sote)-F Aol 14
S A 7] S Aol AudsdA g =sle gaEe ¥
WaA B S ogley 2 bl 2AEE BANYIE Hel 2w
Ak meba ol 3o AuAs e BHLL 2ofel-F A 712
23 b9 A sl e FAES 00 B ol Ae ABES) 2ol
49g + Ao

>
lz - (z—y ) <0 F,.=0 (®-5)
€, X>3
}Qf *Fs}cy . *Fconﬁ ) '?;
4550 £=3>0

_46_



(@)

m X
o *Fsky chomf, x< y

s e ey
¥y

(b)
Fig. 5.5 Damping force direction due to velocitydavelocity difference

2o A Aol A%E wWme] 7] 0ol Hi AL Brbsal
o 2 A A AoldEst 9e We FAATE FE A
o) AAGE AgaA Bt AW B =R A AAF 344 MR
e Ao dEme Ao GRS WA @7 R A 9T 1 E
27k Ao wASA e .(3.3d) 227 WEC A AEs} gle W 7
ez ggfol Ao §Urh el @ @& o442l Sky-hookdlols &
3 x 270 @

=R q A% 544 MRUSE A8d @714 gdM e Aoje
7 g8 Bag ;e Aol 7

e dalelo] ofuel g Rtk Ao FHE
g A7) 9sted 222492 (215K #AE ol &3le] A (5.4) Ao 7
3198 4 (5.6) gol Aol A EAR W),

T

cont —

— Cy * z - lcosH (5.6)

5.3 Sky-hook H|0{7Z|
Sky-hook #| o] &3 8]F& o] 8§39 MATLAB/Simulink = @712 &4

o] Ms& Afste Ao71E FA T Fig. 5.6 MATLAB/Simulink =
T2 8+ Sky-hook A o] 7] o]t}. Fig. 5.62] sky-hook #| o] 7] = sky-hook A ¢

_47_



(e}
2,
2
=2
i
ko
o
oy
P
Hrt
U
Ll
)
2
_O|L
K
.

D,

Sprung Mass Velocity

. ol \

Ld

0 P

Product - 0
Constant  Relational

Unsprung Mass Velocity1

Operator Constant1 Switch

D, v
Moment arm Current2
D Dot Product| *
<
Current Transfer Feni Saturation1 Abs1  torque to current gain
I: P 1 o . Iul
0.005s+1
Current1

Fig 5.6 sky-hook controller using MATLAB/Simulink

54 A|Zdlo|M ZAof

ADAMS/Control#} MATLAB/SImulinkS A3t @712 $d4 mdeo
As AEYIAS FdsR L 2= e Ao
A7t 149 AEsEAS s Hdl Fig 5.72 0] A 7H10x 5 9h)

2 o

of web F350.1 ~ 10Hz])7b S7bsh Sweep 41 & At %
44 99s 459 4744 $44 md3} Sky-hook Alo) & 3§ 374
MRS S st d7b4 £4d4 2de das 22 0% Agdolade
$d a1 AE wasivh 374 W9t 449 d7b 794
o AFAL A48 MHE AERDE 57 so] A% A B oA
Pag setvE e ANd F oo e Agste] ADAMSE 344 |
W7t A48 @M £A4L 2dY A 58 d44 97 A4
A 2de $53 Agdns 448 AR AF5nds Srhe)y] wE

_48_



344 MR

Els

7} sky-hook Ao &

o)
=

iy

ol
5

)

o

E!

i

S|
ax

‘_.*mﬂo

7FA &

278

Els

[e2}
=

I

T

7

g Al ol

MR+ 7 2]

E

i

}d ot

S

[ww] uswaoe(dsig

{8z]and + 5[mm |

Fig. 5.7 Sweep excitation with 0.1 ~

Fig. 5.8 yedAt. Fig.

=
=

SRR

9

£
e

N

o
<
B

)

oo

N

i

5.8 4] sky-hook =] o

ol

T
e

X

o
<
ey

)

Fig. 5.9= 4o w
=9 A$= A sky-hook A o] =

A

=
T

S5 o o}
= =2 =

Z}
2}

Qo ol A

il

Aqr

=)

i

dr

o}
o~

»AO

o
ﬁo

£
N

X
o}

oA A&e B

il

o}

_49_



=

=

}7} % 2 sky-hook A o]

il

M4, SE9} nz

[e)
R

—
T e o B T of
ﬂ%Sﬂﬂ@n%
Mo T
= L 3 B x N

op T ozr S ®
oo WS
T w2 T
‘.ﬁ_Al,_ﬂ-ﬂ_LH S‘El,A ;
otoL o B = B 7

JE,m_VI ui:.; % :

B = o ,
I Yo X o Ak ”
ﬂﬁﬂR@Eﬁ W
B2 Ry B |
B 0T WO /
w R o HE W o g |

[ ”
moptEE |
@éﬂﬂﬂﬂﬂwu :
o OB " T
G oo W e = A== : :
op H & o : ”
ﬂﬂﬁmﬂﬁo% i , ”
- o =r Jo 1 ;
Mnmﬂlo#EWATATM__/IHo T T i T T F
oo 2 o S 5 & . G g
Haw I T _ |
T o " & oF on o W [ww]uswaoe|dsig
‘El Jruﬁoﬂuﬂn,lEO
x RN WX
M\WE_/_/A‘HEEIMM‘W.UH
TEX N e T E
T EE SR
o) O ;dﬂ
e
TR T N O B X

rotary damper and sky-hook controlled rotary MR pem
— 50 —

Fig. 5.8 Comparing displacement between seat ssigpesystems with passive



'\| |

city [mm/sec]

\}‘MHHHWI)HM

”mmuw
o \ \”H

Fig. 5.9 Comparing velocity between seat suspensyatems with passive rotary
damper and sky-hook controlled rotary MR damper

| I
o

ation[mm/s’]

Fig 5.10 Comparing acceleration between seat ssigpesystems with passive
rotary damper and sky-hook controlled rotary MR pem

_51_



1.0

0.6

0.4t

Acceleration ratio

0.2

0.0 T i . 7 : i

n 2 A R

Fig. 5.11 Comparing transmissibility of accelenatibetween seat suspension
systems with passive rotary damper and sky-hookraltmd rotary MR
damper

_52_



B oERo e SR AgEHE 1S guHdon Adss] 9
o] @714 XM Agd £ AF MRYF JFe Al @ F
9t 274 MRESHE Atate] MAs AT AA® 3424 MRY <
A HAL Y8 FEeawS ogste] AAY HAL FAsn dAd
AaEast WA FHAEAS Fasivh. o] 93 Fig 3.4°) MRF-132AD
o] B-H F4el X AAZE H=125kA/m]| & Sxx=2 A4sta 4713
AL =3 dste BEAY AAFEE AL F Utk Fig. A2G=
Aol FH A AAZE BAS el FHL o] &3l FH &

3 7ed £ B AY gAEA) HA4 FHAEIAS ALle

AAMTE WAk AAF s s FAsto] 7|EAA REY 4 A
Fote] HuZ Fa A MREH ] Aol AANGTIE vl S
zAretg o sl e SElAl L..(active length),t,.(core thickness) =<4~
=, 283 g(gappr]l =5 A& (magnetic flux), 24 E E(magnetic flux
densitypl #A7 = (magnetic field intensity)l <713t & 4 9tk A
ARG 9F ZAE 3924 MReE e HAstd HANCS 3=t o
4 2 5 i

AAT 3d4 MREHS & AzF 4 Z&st7] flsto] W& Ao
AlgdoldE Fastit. ds Aol AEgold s A HE H=A
98 &4 Tz ADAMSoA-- MR ¥ 12 I}
2 &9 sky-hookdlo] LuEgEL AL F O YEE
ADAMS/Control#} MATLAB/SIimulink2 %384 d%53te] s Al EdolA
& st A AEgol NS S5ty 95 ADAMS®E @ 7h4 &4
ML Ay s ¥4 MReE#HED S A4 43 f55
A TE PHEAS ol & =-¢ Elo]E(look-up tableE ==
ek elw 374 MRYHE Aejshs] S84 sky-hookd o] o)
= Abgeto] Ao7E FASAH. ¥ A AR NERERE §
g FEd IdA d9E AR A7k 4143 sky-hookdl ol & FF 3]

1=l
=y
A4 MRENE 2% @744 249 1% ABdold AnE wws

i,
il



,_._mo

Jo

%
R

+
ol

j—

0
o

el
Ton
A
oF

fuy

T
e

X
o

<

(2

CEEERREE

F 544 MRY o

FIEEEE

6]

-
=l

o
W)

AL
OO

el
R
]
oy
o
I

]
S
A=

el
<
T

JJo

jze]

A

OO]:

o]

oy

o

~
o

N
oy

TH

i}

<

o
e

)
oR
+
gl
oo

N

'y

0SS

=

[
"o

o

_54_



1)

2)

3)

4)

5)

6)

)

Fa il

&

W. H. Li, H. Du and N. Q. Guo, "Finite ElemeAnalysis and
Simulation Evaluation of a Magnetorheological Vé&lv&he International
Journal of Advanced Manufacturing Technologies, .\V2il, No.6,
pp.438~445, 2003.

J.D. Carlson, D,M. Catanzarite and K.A. St.iiClaCommercial
Magnetorheological Fluid Devices", Internationaluttal of Modern
Physics B, Vol. 10, Nos. 23~24, pp. 2857~2865, 1996

Mark R. Jolly, Jonathan W. Bender, and J. Da@atlson, "Properties
and Applications of Commercial Magnetorheologic#lids”, Journal of
Intelligent Material System and Structures, Vol, Nb. 1, pp. 262~275,
2000.

Waild H. El-Aouar, "Finite Element Analysis Babk Modeling of
Magneto Rheological Dampers”, MS Thesis, Blackspwfigginia, 2002.

Norman M Wereley and Li Pang, "Nondimensionaalgsis. of
semi-active electrarhrological and magnetorheoklgitampers using
approximate parallel-plate.models”, Smart-Mateaat Structures, Vol. 7,
pp.732~743. 1998

Shen Yuliang, Yang Shaopu, Pan Cunzhi, IEEEriational Conference
Proceeding, IEEE, pp. 104~107, 2005.

Kouske Nagaya, Feng-Ying Tont, lwanori Murakaamd Norio Tai,
"Differential Motion Restraint Coupling Using Magoeheological Fluid",
International Journal of Applied Electromagneticsd aviechanics, Vol. 13,
pp. 219~228, 2001/2002.

_55_



8) Jason E. Lindler , Glen A. Dimock and Norman Wereley , "Design
of a Magnetorheological Automotive Shock Absorbd?tpceeding of
SPIE Vol. 3985, 2000.

9) HWAN-SOO LEE and SEUNG-BOK CHOI , "Control arRkesponse
Characteristics of a Magneto - Rheological Fluidnipar for Passenger
Vehicles", Journal of Intelligent Material Systerand Structures, Vol. 11,
2000.

10) Chrisopher A. Pare, "Experimental Evaluation Sefmiactive
Magneto-Rheological Suspensions for Passenger MshicMS thesis,
Blacksburg, Virginia, 1998.

11) Seung-Bok Choi; Byoung-Kyu Lee, Moo-Ho Nam;. &ilzheon Cheong ,
"Vibration control of a MR seat damper for commalcvehicles”,
Proceeding of SPIE Vo0l.3985, 2000:

12) Brian A. Reichert, "Application of Magnetorhegical Dampers for
Vehicle |Seat Suspensions”, MS thesis, Blacksbuigginfa, 1997.

13) Rebecca A. Snyder and Norman M.Wereley, " Gharaation of a
Magnetorheological Fluid Damper Using a Quasi-Steltbdel", SPIE
Vol. 3668, 1999.

14) Glen A. Dimock, Jason E. Lindler-and Norman Mréley, " Bingham
Biplastic Analysis of Shear Thinning and Thickeniirg
Magnetorheological Damper"”, Proceeding of SPIE \3885, 2000.

15) 375, ‘MRAAE o] §8 S Wxo 4554
I3

16) o F41, FAY, M7, AGA, “AAF A2 o] &F MREHA ¢
AR SHEH ABACIAY, FFAFATRN FATEUI =R

Vol. 2, pp. 728~733, 2004.

_56_



17) D. Karnopp, M. J Crosby and R. A. Harwood, Bigtion Control Using

Semi-Active Force Generators”, J. Engineering fodustry, ASME No.
73-DET-122, 1973.

18) 4z, M4, "a7to] - & Aol o] & vbeE AV
A AT, dE s AT, g

pp. 33~36, 2002.

19) Daniel J. Inman, "Engineering vibration", PieatHall International Inc,
London, pp. 7376, 1996.

20) Thomas D. Gillespie, "Fundamentals of Vehiclgn@mics", SAE, pp.
156-159, 1992.

21) "Design with MR Fluids", ENGINEERING NOTE, Lor@orporation.
22) "Magnetic Circuit Design", ENGINEERING NOTE, i Corporation.

23) "MR Valve Configuration Using Permanent MagheBNGINEERING
NOTE, Lord Corporation.

24) MAXWELL user's guide

_57_



£ A. MRsA|

MRFA= Q17kel 2714l diel =92 % [ms] ol FA1o] &5 &
go] Watst A5 % Aol

Jacob Rabinow(at the US National Bureau of Starsdand 1940s} 2] 3f
MIE MRAAE ZA F~F4 vela2vEum] 2719 25t YAE o]

AR gg et 2 GHo] HI7bE o dth. MRy Al A A3 dAEe =3
(soft iron), A7 = ® d(iron carbonylf} 2o ZAARARE wrEol AW, FA
of tisl 20~40%] A4 wE b A6 &L A EASEH S A
AEA GE&FE v A, o] dAELS A 2 d(silicon oil), T
A & d(synthetic oilppt #2 & Ao9l=d], o mAE2 MRFA 9
ALl e kAN, WBAA, 27 AAEA S AATIE 9T
gt of 7)ol & Ay, AWEGA L} 22 v HIFAIE AFEste] A
el A A3 A dAEe] mtEd IS =i, fdAEe] JA¥HA H%
£ g

o]y g MR+ A= A7 o] #A8st#] = wols A7) =

el

Tk o] 9= FWA(isotropic)e] EEAH  dAS  UHA
(newtonian}- 71 ¢] EA4 S Holu, A7]&e] AL H ZAHS /1A
o] AA vgso] o]HHA (Anisotropic)e] X = 7hA A FE 8- o]
s, A Aol Mstels SAS AL A 2 oE=w

o7 MR#A+= 1l =29 LORDAFo A Z4 3 MRF-132AD= % Table A.13}
2 5AE 7HA L U MREA - Ao Tk A A YA E S
A el dAE A1 weo g BTz 2l E(dipole moments 7}
A =, oA g s YAELS Fig. Alzt o] =A7|Ae wraka
oo JAe AdTFx7E FAY EEH% 74
o

o

EE ARE AT ﬂﬁ frgel A7
1

2

N
-

o
o ofN X T |[o
il

A

=

[

_58_



Table A.1 Typical properties of MR fluids (MRF-13RA

Properties Value/Limits

Base Fluid Hydrocarbon

50~100 kPa (150~258A/m)
Field limited by break down

Yield strength(at magnetic field)

Operating temperature -40° C to 130" C
Density 3.09¢g/cc
color Gray gray

Weight Percent Solids 81.64%

Coefficient of Thermal Expansion(calculated values)

0 to 50°C 0.55 x 10°
50 to 100 C 0.66 x 10 *
100 to 150 C 0.67 x10~3
Specific Heat @ 25C 0.80 J/ig C
Thermal Inductivity @ 25C 0.25 - 1.06 w/niC
Flash Point > 1507 C
Viscosity
Calculated. for slope -between 800 0.09.(+/- 0.02) Pa-s

1.s and 500 1/s:at 40C

A

o % & o %0 .
®__o® o Py S > |
I i .

(a) Without magnetic field (b) Transient magnetieldi (c) With magnetic field

Fig. A.1 MR fluids in magnetic field
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Table B.1 Relative permeability of materials

Material Type K,
Water Diamagnetic(p, ~ 1) 0.99999
Copper Diamagnetic(p, =~ 1) 0.99999
Silver Diamagnetic(p, = 1) 0.99998
Gold Diamagnetic(p, = 1) 0.99996
Bismuth Diamagnetic(p, ~ 1) 0.99983
Air Paramagmetiq i, =~ 1) 1.000004
Magnesium Paramagmetiqy, ~ 1) 1.000012
Aluminum Paramagmeti/, =~ 1) 1.000021
Titanium Paramagmetiq(;., = 1) 1.00018
FeO, Paramagmetiqy, =~ 1) 1.0014
Cobalt Ferromagnetic(y,. . ) 250
Nickel Ferromagnetic(ys, .. ) 600
Mild steel Ferromagnetic(y,. ) 2000
Iron Ferromagnetic(ys,. .., ) 5000
Mumental Ferromagnetic(y,. . ) 100000
Superalloy Ferromagnetic(/t,, ,q. ) 800000
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