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Yun-Joo Nam, Young-Jin Moon, Myeong-Kwan Park and Yuk-Hyung Lee

Key Words :

Magneto-Rheological Fluid(A}7]-5-¥ -f- ), MR Fluid Actuator(MR 3| 25 7])

Abstract

This paper presents an electromagnetic design methodology for the magneto-rheological (MR) fluid
actuator. In order to improve the performance of the MR fluid actuator, the magnetic circuit including the MR
fluid, the ferromagnetic material for flux path and the electromagnetic coil should be well designed, thereby
the magnetic field intensity can be effectively supplied to the MR fluid. First of all, in order to improve the
static characteristic, the length of the flux path is decreased by removing the unnecessary bulk of the yoke.

Next, in order to improve the dynamic and hysteretic characteristics, the magnetic reluctance of the

ferromagnetic material is increased by minimizing the cross section through which the flux passes. The

effectiveness of the proposed design methodology is verified by the magnetic analysis and a series of basic

experiments.
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Fig. 1 Operating principlé of the MR fluid actuator
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Table 1 Magnetic properties used for designing the MR
fluid actuators

Property Value Material
Ty,max 38.28 kPa
Bimx | 0.676T MRF-132AD
Hpex | 150 A/mm for MR fluid"”
ny 4.506%10° H/m
B, o 1326 T
SS41 steel
Hs,sar 1989 A/mm for yoke(s)
s 6.667x10"* H/m
Table 2 Design parameters of the MR fluid actuators
Parameters Symbol Value
Desired Max. torque T st max 5.0 Nm
Available Max. Current Linax 50A
Gap for MR fluid h 1.0 mm
Coil turn number N 81
Inner radius of disk T 8.0 mm
Outer radius of disk r, 31.7 mm
Inner radius of yoke R 42.7 mm
Outer radius of yoke R, 48.2 mm
Yoke thickness 1 t; 7.7 mm
Yoke thickness 2 t; 5.9 mm
Shaft diameter - 10.0 mm
Coil dialmeter - 0.7 mm

] 120 .
Fig.4 External appearance of the MR actuators
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Fig. 5 Magnetic flux density distribution
170

£ 1604 7

3 /',

2 150 - Desired : 150 ‘.

2 Avg otAcmamr(z) 148311

8 Actustor (2,

E 140 e

e}

K3 - Avg ‘of Actuator (1) : 135785 |

i 130 e

2 Actuator (1,) ./

c e

8 120 - -

=

110 T T T T T
5 10 15 20 25 30 35
Radius (mm)

Fig. 6 Magnetic field intensity in radial direction

Micro-
Processor
AD/DA l
Current Source oA /L
o= -+ = - 5 o0 =
AQoco QO 1 8 s
Output ]
Input Torque Velocity
Current -
@ Amp. Inverter
e
: S i

Or]

Fig. 7 Experimental apparatus"for performance tests

3} A£PEQ 1.56 TE 57134 42 &
F 9,15}. T3, Actuator (1)l ¥]3 Actuator (2)¢]
A&LdErt 2y #98HA BEFHO UAS5E
g 4 gk ol AR M o=
AAEHAD (i)Z}-i%O] Ave g e HAaso
(HELe FY 839 AA a2y 7|dH
Aojt}. wabA Actuator (1)°] H3] Actuator (2)7}
B g4d FA5A, 54 a2 AFAHLY
A& 548& AT A= Ziddd. a28x
2l o)A AFE ukek o], MR /A &5719
B X dig g2 FoAAE ANF A=
H(r) = Fig. 6°] =AU &7 $7t S+

5.0
4.5
404 5A: 352591
3.5 i oo L S e &-ooe-
E 3.0 4A; 276299
Z @------ L ARt L EEEET B SEEEEE ®*------
3 2 3A:1.95983
g. 2.04 @ L LARLELL o =----- £ SEEEEa P------ o
P 151 24 140474
1.0 ®----- ®---o-- .- 0o LR
0.5 PO e R 038TTS
0.0 O A 002559
0.5 T T T v v
0 10 20 30 40 50 60 70
Rotational Velocity (rpm)
(a) Actuator (1)
5.0
4.5 5A: 4 24737
o= * . @ -renn B P TR
4.0 an: 3 55473
3.5 ®------ [ PSRN [ S ®-men
3.0 A 2.72285
Z 0------ [ TEREE *----- R R ®--on
< 254
3 E
g 2.0 e ... - R ._,?‘}__1 76950
'— 1 .5 A
1.0 1A o 70520
05 o------ *----- oo .- L
0.01 o=~ ®--nnes *----- L IR . -»%’—9500:“7
0.5 T T T T T T
0 10 20 30 40 50 60 70
Rotational Velocity (rpm)
(b) Actuator (2)
1.2
—o— Actuator (1)
1.04 —=— Actuator (2)
=3 Reference
£ 0.8+
[
g .6
50
§ 041
©
E 0.2
(=]
4
0.0+
0.2 T T T T T T
0 1 2 3 4 5
Current (A)

(c) Comparison result

Fig. 8 Static characteristic

% A% Are Frhete AEE Roled,
AN BHle) AREes BiE EEME
Z}E«l Zol7} Folx7] wFEoltl. Y=
B3} 11, Actuator (1) 8] 3], Actuator (2)71 WHA el
e A A= wsrl gds Fe v
olJgl o HF#S v & ¢ F Ut 53,
Actuator ()9 A7 Ax9 Jéi‘ak 148.311
Amme AAIFAANA A E MRA{AS 2AH
ZE 150 A/mmo} wi$- ZAME & ¢ Utk
olglgd ZAze A" AYEdE AA w9
Fede RHeR dFTh

o

rlr

jinA



MR &3 A Zr]|9 Az71& A 9y

1311

5.0 5.0
4.5 4.5 4
4.0 4 5A 4.0
3.5 3.51 2
£ 304 4A E 3.0 4A
225 €35
S 20 == 82042
I—c—, 154 2A '_C_> 1.5 2A
1.0 1.0-
0.5 1 1A 0.5 1A
0.0 4 0.0
05 ! Y ' T ! 0.5 T T T T T
18 19 20 21 22 23 24 78 79 80 81 82 83 84
Time (sec) Time (sec)
(a) Actuator (1)
5.0 5.0
4.5 1 5A 4.5 5A
4.0 . 4.0 A
3.5 3.5q
T 3.0 3A E 3.04 A
€ 25 £ 25]
@ [
§ 2.0 A 2A g— 2.04 2A
2 151 © 1.5
1.0 4 1A 1.01 1A
0.5 0.54
0.0 1 0.0 ~—
-0.5 T T T T T 0.5 T T T T —
1.8 1.9 2.0 21 2.2 23 24 78 7.9 8.0 8.1 8.2 8.3 8.4
Time (sec) Time (sec)
(b) Actuator (2)
B
Z
- .
3 S
g
P I
B A
X fi
4 Vi
E b
(=] [
z b e Actuator (1)
0.0 [ — Actuator (2}
2.033; 12042
1.95 2.00 2.05 2.10 2.15
Time (sec)
(c) Comparison result
Fig. 9 Step response characteristic
= o AAEZF7|d 9al zdEd. 28ln &8¢ Edx=
6. MR R MS7|el M5 Bt 4% =2 g9 BaE
T - ° MR #3 #FEr)%t DC MRRHE Adste
Add MR A #F719 H45& Hrlst7l Bz MMel o ZHdr)
A 749 AEFAY MF=TI Fig. 79
EAEHUJY. MR A ZEF7]E DC A REE 6.1 HEH
o8 i AT Sx2 MY, oW DC Fig. 8 < t%4d 99 AFo @& F F9 MR
ABREE Y AFgLes Fatd o€ @A gl A ZAF7Y HAEE AT 28 EIE
g dAsA A2 -’F A=F AHE A 5| BoEo 713 A Z2HEZRE GAFHAA
Aoldo. MR #A &5719 48 AF<= DA upel Zko], Actuator (2)7} Actuator(1)°ﬂ Hlsf e
MEs e A *ULOﬂ S Aol A5e A8 U AR deA o 2 £ E28 e @



1312 g9FE - 2437 .

Normalized Torque (Nm}

0 1 2 3 4 5
Current (A)

(a) Actuator (1)

1.04

Normalized Torque (Nm)

Measured
Fitted

00| &% °

0.2 v T T T T
0 1 2 3 4 5

Current (A)

(b) Actuator (2)

Fig. 10 Hysteresis characteristic

— Predicted
o Measured

e © o o
o N o ©
PN

Actuator (2)
0.51

Actuator (1)

Torque/Current (Nm/A)
o o o
R s

o
pry
L

1 10 100
Frequency (rad/s)
Fig. 11 Frequency response characteristic

+ ot} gty B =R Agd A2 529
A7 HYE MR FAld FaEHe A AEE
Z7HN71ed Fadgel FFHENG. =9, &9
EZE 10 pm o3 A& Eo] A9 FAYS
& & 9tk o] MR #3 2579 7)AA 2A
gAdA A" A4 EA T, = MR fol
93t EF T, o ¥l Adidez v FJoe
tHol fagS vttt 53, Fig 8(c)z ¥
AFol g Zzte] Ao &8 232 A¢std
EIE BdoFu} o]Z5-E, Actuator (2)7} Actuator
Mol Blsl oL AFAI ARLH d=d

62 Act SEHEA

3!

=
gQ

Nl

it o o -

A3l sdd AFE AHREA,
g gt 29 EAE BoFEr.
MR 4 25719 A& EE 50 rpmo| o
227} He o A7 EAG 87}
Ztol A=Y Ao & £ %ol
7} Al(up-step)t AF A7 Al(down-step)<]
e 719 fAbstgled, 48 AF Wt
g £ A ol B F gt EF, T
MR &3 ZF7] 2t §©5EA vlm ZAH7) Fig.
9ol Z=AIEUT. F &I wpel o,
Agdsd dAFe did F8 Edw 1x3 AF
Al="E fFARE S $ESAEE BYd. oE
a8t foljF AZFE Acmator (1) FF
h2F 42 msec, Actuator (2)9) A ¥ WEF 33 msecf T

o ox

ner o
A rle

e

Holo to 2 o im

2

oeld  sdEge WIS A% Avs
gdhe AxsAx ARz zeY 5 U

gehd B E=RoN AW A2 529 A
PEe MR A AE7e  3RE4e

CFAATIEY FET 4FHUT

MR A FAB7Y §EEAHE Bo
FAA717] A F12 n8E ¢ e HEe
A gz R v dig uR wiA el H]
rilr,E 0.7~0.99 Atolo] Fi= Aok Y ojof djgk
ATE FF A2 GAFEH

63 O|HEA

Fig. 102 Ak’ MR #A &5719 d&dF

ol EGE nFsy] A FYE dF FHE
RoFEth 9q7]A, ax3 Hag Hfx F4
22 dolF Ao =8 x4 g AFFHYG
Hgd MR FA ZAF7Y JAEEE 50
mpm otk AFE oA SA & AA A o74A
Aztaa o2 WMEAZ oD, O F7)E 10sec ot
A3 2 R, Actuator (2)7} Actuator (1) B]&] AL
olgEAHS BYSE ¢ & Ut 53], Actuator
(O 2)29) ¥4 A (nonlinearity)> Z}7} 14 % 2
10 %2 FoHch ol FA 239 Ax¥L

ZaA717) 3 gdde Hasg ZdH=E
82 do weEA B =34 A"
Az1gzel AdA wyEe MR FA FE71Y

o] EA & shMdatEd A Yol AFHAAUS

0x

6.4 FTils SEHE

Fig. 112 A8

4

MR A 2575

A= AGHTE =87 A8 949 FId5¢
SHEA A4F A2 rdF FL&E MR A
ZE719] HALEEE 50 mpm oln, HAFE=



MR 3 25719 AA7H A

20+10sin(wt) A &) AARZ AR 12 4

Alaglo]l i@ AJEHoldeR  dojy AFe}
2PAFH wnE FIHA FoX Z MR {A
A7) WERSE et 2o
Gl(s)=W3'27% for Actuator (1) 11
.042s
Gz(s)=66%% for Actuator (2) 12)
.033s
olggt Az AANET MR A AFI)

ol EAoz ylddHE HAY JEIHEASL
ZtZol s Estan, AyPAagdoz uyE #
AL oujsich mEA, B =2 Agd

MR &3 AZ/NES AA E3 AodA
854 A14E 5 Je2 g

7. & B
2 dFdade MR FA FAE579 H5S

AAAZ)7) A8 A7)z AqF A ol
A A @oid Ade v Ze] A€
() A3z Y 839 BILF FES
AAsA AR Folg e EYLEA, MR
A A5 A5EL FIAF
(2 2A 839 27 AFLE F7HA7]7] 94

Aso AY: vEAE HrAFOEH MR
A A7) SHEH L oldEde A
A7

3 A7 sid 2 MdeHs A9E 539,
71&9] MR A ZE7)d H& Ay WHoR
479 MR 3 FF719 A%l FFHASS
gelstget. ek, Agdd MR F3 FEF7E
A% A=z 44 PEe FEAHS 45T

@ Agd Arislz dA WL
ZAE718 A% 9P $EAXN F L)
712A AA Aoz {43514 A14E F

st

=

oo 6 o
flo (& 24

pacs

il
ro

g

(1) Jolly, M. R., Bender, J. W,, and Carlson, J. D., 1999,
“Properties and Applications of Commercial
Magnetorheological Fluids,” J. of Intell. Mater Syst.
Struct., Vol. 10, pp. 5~13.

(2) Phule, P, 2001, “Magnetorheological (MR) Fluid:
Principles and Applications,” Smart Materials Bulletin,
No. 2, pp. 7~10.

(3) Mikulowski, G. and Holnicki-Szulc, J., 2003,
“Adaptive  Aircraft Shock Absorbers,” AMAS
Workshop on Smart Materials and Structures,
SMART’03, pp. 71~80.

(4) Norris, J. A. and Ahmadian, M., 2003, “Behavior of

1313

Magneto-Rheological Fluids Subject to Impact and
Shock Loading,” ASME Int. Mech. Eng. Congress &
Exposition, IMECE’03, pp. 1~ 6.

(5) Han, Y. M., Nam, M. H,, Han, S. S., Lee, H. G, and
Choi, S. B., 2002, “Vibration Control Evaluation of a
Commercial Vehicle Featuring MR Seat Damper,” J.
Intelligent Material Systems and Structures, Vol. 13, pp.
575~579.

(6) Stelzer, G J.,, Schulz, M. J,, Kim, J., and Allemagn,
J., 2003, “A Magnetorheological Semi-Active Isolator
to Reduce and Vibration Transmissibility in
Automobiles,” J. Intell. Mater. Syst. Struct., Vol. 14, pp.
743~765.

(7) Li, W. H. and Du, H, 2003, “Design and
Experimental Evaluation of a Magnetorheological
Brake,” Int. J. Adv. Manuf. Technol, Vol. 21, pp.
508~515.

(8) An, J. and Kwon, D. S.; 2003, “Modeling of a
Magnetorheological Actuator Including Magnetic
Hysteresis,” J. Intell. Mater. Syst. Struct., Vol. 14, pp.
541~550.

(9) Choi, S. B, Hong, S. R., and Cheong, C. C., 1999,
“Comparison of Field-Controlled Characteristics
Between ER and MR Clutches,” J. Intell. Mater. Syst.
Struct., Vol. 10, pp. 615~619.

(10)Lampe, D., Thess, A., and Dotzauer, C., 1998,
“MRF  Clutch: Design  Considerations  and
Performance,” Proc. 6" Int. Conf. New Actuators, pp.
449~452.

(11)Lee, U., Kim, D., Hur, N,, and Jeon, D., 1999,
“Design Analysis and Experimental Evaluation of An
MR fluid Clutch,” J. of Intell. Mater. Syst. Struct., Vol.
10, pp. 701~707.

(12)Bolter, R. and Janocha, H., 1997, “Design Rules for
MR fluid Actuators in Different “Working Modes,”
Proc. SPIE Symp. Smart Structures and Materials, pp.
148~159.

(13) Takesue, N., Asaoka, H. A, Lin, J., Sakaguchi, M.,
Zhang, G, and Furusho, J., 2000, “Development and
Experiments of Actuator Using MR Fluid,” Proc. 2000
IEEE Int. Conf Industrial Electronics, Control and
Instrumentation, pp.1838~1843.

(14) Takesue, N., Furusho, J., and Kiyota, Y., 2004, “Fast
Response MR-Fluid Actuator,” JSME Int., Part C, Vol.
47, pp. 783~791.

(15)Kavlicoglu, B. M., Gordaninejad, F., Evrensel, C. A.
Cobanoglu, N., Liu, Y., and Fuchs, A., 2002, “A High-
Torque Magneto-Rheological Fluid Clutch,” Proc.
SPIE Conf. Smart Materials and Structures, pp. 1~8.

(16)Iskander, M. F., 1992, FElectromangetic Fields and
Wasves, Prentice Hall.

(17)Lord Corporation, 2003, “MagnetoRheological Fluid
MRF-132AD,” Product Bulletin.

(18)Carlson J. D., Leroy D. F., Holzheimer J. C. et al.,
1998, “Controllable Brake,” US Patent 5, 842, 547.



