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Design and Experiment of Multi-functional Magnetorheological Damper
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Abstract; A multi-functional magnetorheological ( MR) damper with energy harvesting, velocity self-
sensing and controlled damping force was designed, fabricated and tested. The energy harvesting and
velocity self-sensing mechanism was composed of a permanent magnet array and induced coils which
moved vertically. The proposed MR damper used the piston rod as the sharing component between the
energy harvesting and velocity self-sensing mechanism and the MR damper part, and this shared
component could isolate the magnetic field between two function areas. The mathematical model for the
energy harvesting and self-sensing capability of the proposed MR damper was derived. Finite element
model of the energy harvesting part was built up to address the power generating efficiency using ANSYS
software. Experimental tests were carried out to address the performances of the proposed MR damper.
The results showed that the damping force was ranged from 200 N at the current of 0 A to 750 N at the
current of 0. 6 A. The dynamic range equaled to about 3.75. The AC-DC rectifier was applied on the
power generating, and the results showed that 1.0 V DC voltage output was harvested after the AC-DC
processing. Meanwhile, the velocity self-sensing performance was experimentally evaluated under
different excitation frequencies and amplitudes. The experimental results showed a well fit curve under
different excitations. In other words, the efficiency and feasibility of the velocity self-sensing capability of
the MR damper were proved.
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Fig.1 Schematic diagram of multi-functional

magnetorheological damper
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Fig.4 Control strategy of self-sensing velocity
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f WSS =) |
AV

(a) R ER AT

T'Hf

(b) eSS

Bl 6 ik RE R 425 A BROT T FU 4

Fig.6 Finite element analysis of energy harvesting mechanism

NODAL SOLUTION
SUB=1

TIME=2
FMAGY (AVG)
RSYS=0
SMN=-7.72084
SMX=8.00617

=7.72084

~307330 -2

iy
AFR 12 2018
12:08:33

3 6.25872
139 451128 8.00617]

B

K7 fRShfERERERE

R PRI

Fig.7 Finite element analysis of cogging force

for proposed energy harvesting mechanism



388 & A Bl B ¥

2016 4

4 RKEHH

4.1 #RTHEEBHENSHEEMNLRS

Pl 8 It 718 DA i 14 S e S S TR Al A FELJE s 5%
ST LEEL . o, 8 ARk Bk e T NS2 Bk
Rk 5 g 1 WAV 1A T, IR 4k Pl 8 £ M A ) 32
ABS A HE

3\

(o) T (b) KGR (o) FRREZRIH (d) mnﬂﬂ’f

8 TyhE S BT R I 78 B 5 G S T A% 1 5 R AL
Fig.8 Key parts and prototype of multi-functional MR damper

K9 B s Sy i e i 1 BELJE A v RE ik 5 &
BELJE # b T s w5l 2o e Sk 5 MTS S bl [ e 3% 4%
ST BURE A S| E2 5 S| E A CLR A o A TR RN i W
7 A RN L T LA K BELJE ) A2 A

B9 ThRESE UM BLJE 25 MERETR I B0 &

Fig.9 Test rig of multi-functional MR damper
4.2 iRThgEEREMRERE SN

10 i Ry i 4R Pl A B ™ A 1 i L s
(A8 Ak ith £k, 10 BH R A A2 B o 15 mm il 05 4
4 Hz, HA B+ 40 0 B 2 (7) L (8) HES 1 %,
AR M REE R ¢, N EE i EE B 6 R
ML 5 A5 A o NI R DU B B e 1 5
B AR (AR A A 3 3 e KRN L R R 1,22V
AR, B b g B R A 2 B IE 5L R, i
SR TR B A R S 15 mm, K TR 3 6E
ORAERE AR 1Y R EE (9 mm) |, 3 BOR 4B
R T80 72 A g Fl AR T4, 7 A AR IR,

FH T 22 2 7 BHLJE i 6 FE Sk MRS P 1 Jil i 4k Pl 4

——iHE R

R R WV

2 .SD D.IE (]:4 U:IS 018 1 .I(] 1.2
] ofs
(a) RN 2 A
b R — T
1.0
> 05
2 of
12! <
8% 05
-1.0 F
ss . " " " .
02 04 06 08 10 12
] ofs
(b) EERE£E[E B

P10 Jgniy L TR AR 5 i 0 fE LU 3R
Fig. 10 Comparison between numerical analysis result

and experimental test of induced voltage

T — AR B A BV AL G 2 R AR — A ARk
LU AL, DN AT 0 o T N R B A B AR
FLU AL AT IR B e R AR AR . [ 11 B
71 g PR (0 B R O P e, B LT AL 6 A
BT AN TR A R B = A Y 58 A e
EZSUR S WEE LS AR DA T

D1 ZS D3 ZS DSZS

’
IRV ZEPEA 4\;

RRIE

LA A A

N———-moe Cc=
R LETE B
LRI
N ¢

/AN v/ pe/\

1L 5 P I A e i
Fig. 11 Schematic of AC-DC rectifier

K12 7R o 42 B 3 IS 1Y 8% N L R, 78
0.06 m/s [IESZEH T N2l A 1 B 2830 % 3
P EREREE R 1.0V, B F &AW,
M HR AT UL % B I IS 1 T U F A A A A (R
PAEEATE 1.0V 4,
4.3 EEBRBKEEEIRE S

TE MTS $i i Al b % 2y e 4 mi 24 BHLJE & 19 380 B2
0 D R HEAT IR IR i, 18] 13 Fir R oy 2 Fh g R i



5114 B R 4. ThABME B RE R AR BEL e 48 3 5 e 389
1.2 1.5
1.24 5 A
L1 i
< L
z Z 0.9
S| = -
b= = ] P
5 0.6 S "
09} ]
0.3 s
P
0.8 " . " 0 r T : . : :
0 0.5 1.0 1.5 2.0 0 05 010 015 020 025 030 035

wffE s
12 B A TR
Fig. 12 Induced voltage with AC-DC rectifier

BOAR PP ALRE T A 1 B SN A R A 2
AT TR 1 I 3 R 4 A BEOE fE AR
FAAT (ELIET 13 v P 5 A7 28 0 22 , 35 28 P AE T 2%
AR NI 2 T B (10) A RN HL s 3 56 L i
Ao HMEARIE ] 4 Hz B, AT 13b A F 2 A
R AR R T R B (P HE A AR A

1.2 = T
—e— UE{H | —=—BhBfi
0.8 4 " ."'
— !
5 044 !
3 »
=
' 07
al
W 04
0.8
-1.2 T T T T
0 02 04 0.6 0.8 1.0
BE] s
(a) /=3 Hz, s=5 mm
0.6

—o— PEH —e— JG{H

0 0.2 0.4 0.6 0.8 I 1.0
e ofs
(b) /=4 Hz, s=15 mm

K13 ORI 80T Ay B 8 R A2 Ak 4k

Fig. 13 Experimental result of self-sensing velocity

&l 14 it 7 Ry A [R5 IR0 3 B2 T %) J8 iy He, Hs A8
b, T Hh RT 0% 0y H 5 800l B G R S — B
SRR, WU, BT it B e 45 B R 5
HRE X B 6 FR AL A — B Ok R AT R A . X AE
—ERE ERAE T AKX (T) F(8) B RAEM RS
RO TR YOG AR, I R B 4 rh B IR Y 8 R
FERE T IR A T R I AR, AT e A5 i BT Y )
RE 4 B 4 i 7% BEL 2 % B B0 4 b 7 ] T 4R A A 2R 4%

FEEE w(mesT)
14 R 0

Fig. 14 Induced voltage at different self-sensing velocities

4.4 MEfetEgeilE o

1S 7 o B RE 4 UL B e 4 7 A B e )
Wt 8057 A% 72 A 26, 10 I MITS 37 4 BIL i 28001 %
O 1 Hz SR ALE8 9 S mm, 73 51 68 Jil s 2 Pl g AL O
0.2.0.4.0.6 A W E IR, HIEATH,0 A BT
(Y BE JE 4% BE 7 £ 200 N 747 B9 BHLJE J1 , iX A BHL JE T
EEZORAE Y T HFLE R BIAL MRE 7 Az [0k fi BH
JE 3 VL K 5 RE i P9 4 5% 14 T 47 L™ A 1) 00 i R
T30 BEAE T2 A S BELJE A A 05 2
TMEE 0.6 A mf, BHJE 4% GE7= 4= 750 N 7245 (1 FHL
JeJie BRI 0 A AE{EF] 0.6 A i, BHJE T AT
PG EEh 3. 75, AT LTI A 2 AE 4R R BELJE AR H
A AT PERL T R o o N BE JE A5 T R 9 R R 2
L4 W, HATBARK DIFE

B 16 Jir 7 g BELJE i bt o B2 72 1 il 46, >4 L300

1000

—a—0A ——02A ——D4A —+—06A

il wvvv!vvv"vvvvvm—"ﬁ\

PELIE T3 FIN
[=]

¥
B | Y wn-“"""
T e rrTTTTTYYY

~1000

o 1 2 3 4 5
{5 s/mm
15 BHJE g B2 R 28 A ih 22

Fig. 15 Curves of MR damper force versus displacement

1000 T—0A —=—024 —+—04A —~ 064
500
g
* 0
iy
=
500 1
~1000 - -
=20 -10 10 20

0
T ofimm-s")
16 BHJE A bl 3 A2 A h 2%

Fig. 16  Curves of MR damper force versus velocity



390

& oAb HLoB % 4R

2016 4

#HF) 0.6 A I, BHLJE # 5 K 17 mm/s
5 #it

(DBt 1 —Fh B2 Ik 2 BE B oR 46 L [ RN
FIBEJE 3 Al #2F — 1 14 Dy i 4 h 24 3 2 BELJE %
3k 2l BE FE R 4 M JEE 11 JNE R T 3 7 i 8k AR
2L Vel 1) A B L2k 2 Bl ok S B %R AL A B e A 45 4
B R

(2) X 2y fie £ A28 i 3 742 BHLJE i 9 23 i 1R 4R
DIREHEAT 1 BIE 20 M7 A 3 05 1, 1K 2 2R R W
1£.0.06 m/s PN T, B e 1 IR 3 BE 2R AR 36 EL

REF=AE 1OV Y B L IR, BAT B0 1) B 4 R AR A
R

(3) HES T D RE 4R IR il U A2 B e o i Uk
BLRCARETY S #E AT Tk Mo 45 SRR WIR 4R 5
F SRR IO PR T 5 908 S AT B A BE 1 OG AR mT S B
[ REPRIIAS

(4) X 2 i 4R A28 i 3 742 BHLJE i 97% 26 3k P B3 Jih

WL Pt i 0. 6 A 1) B LI, 7 AR A B JE T BE A
0 A Y 200 N A2 4L 5] 750 N 2247, BHLJE J7 m] 4 11 [l
9 3.75, 5B T B Ty AT I RE

10
11

20

21

22

2 £ x W

A, )M, KN BRI g Bt SRR IR [T]. AL AU, 2012, 43(12): 33 -38.
FENG Zhimin, WU Guangbin, ZHANG Gang. Mechanical performance test of magnetorheological damper [ J].
Chinese Society for Agricultural Machinery, 2012, 43(12): 33 —=38. (in Chinese)
ZHU X C, JING X J, CHENG L. Magnetorheological fluid dampers: a review on structure design and analysis [ J]. Journal of
Intelligent Material Systems and Structures, 2012, 23(8) . 839 - 873.
BRR. REBWALLEHBRAZ BT SIRKRLT]. R4, 2016, 47(4) . 280 -287.
KOU Farong. Design and test of vehicle semi-active suspension with magnetorheological damper [ J]. Transactions of the Chinese
Society for Agricultural Machinery, 2016, 47(4) : 280 —287. (in Chinese)
CHOI S B, SEONG M S, KIM K S. Vibration control of an electrorheological fluid-based suspension system with an energy
regenerative mechanism [ J]. Proc IMechE, Part D: Journal of Automobile Engineering, 2009, 223(4) . 459 - 469.
GUAN X C, HUANG Y H, RU Y, et al. A novel self-powered MR damper: theoretical and experimental analysis [ J].
Materials and Structures, 2015, 24(10) . 105033.
YU M, PENG Y, WANG S, et al. A new energy-harvesting device system for wireless sensors, adaptable to on-site monitoring of
MR damper motion [ J]. Smart Materials and Structures, 2014, 23(7) : 077002.
CHO S W, JUNG HJ, LEE I W. Smart passive system based on magnetorheological damper [ J]. Smart Materials and Structures,
2005, 14(4) . 707 -714.
CHOI K M, JUNG H J, LEE H J, et al. Feasibility study of an MR damper-based smart passive control system employing an
electromagnetic induction device [ J]. Smart Materials and Structures, 2007, 16(6) : 2323 —2329.
CHOI Y T, WERELEY N M. Self-powered magnetorheological dampers [ J]. ASME Journal of Vibration and Acoustics, 2009,
131(4) . 044501.
SAPINSKI B. Vibration power generator for a linear MR damper [ J]. Smart Materials and Structures, 2010, 19(10) ; 105012.
SAPINSKI B. Energy-harvesting linear MR damper: prototyping and testing [ J]. Smart Materials and Structures, 2014, 23(3) .
035021.
CHEN C, LIAO W H. A self-sensing magnetorheological damper with power generation [ J].
2012, 21(2): 025014.
WANG D H, WANG T. Principle, design and modeling of an integrated relative displacement self-sensing magnetorheological
Smart Materials and Structures, 2009, 18(9) . 095025.
WANG D H, BAI X X. A magnetorheological damper with an integrated self-powered displacement sensor [ J]. Smart Materials
and Structures, 2013, 22(7) : 075001.
HU G L, ZHOU W, LI W H. A new magnetorheological damper with improved displacement differential self-induced ability [ J].
Smart Materials and Structures, 2015, 24(8) . 087001.
HU G L, RU Y, LI W H. Design and development of a novel displacement differential self-induced magnetorheological damper
[J]. Journal of Intelligent Material Systems and Structures, 2015, 26(5) : 527 —540.
HU G L, ZHOU W, LIAO M K, et al. Static and dynamic experiment evaluations of a displacement differential self-induced
magnetorheological damper [ J]. Shock and Vibration, 2015(2015) ; 295294.
JUNG H J, JANG D D, CHOI K M, et al. Vibration mitigation of highway isolated bridge using MR damper - based smart
passive control system employing an electromagnetic induction part [ J]. Structural Control and Health Monitoring, 2009, 16(6) :
613 —625.
JUNG H J, JANG D D, KOO J H, et al. Experimental evaluation of a ‘self-sensing’ capability of an electromagnetic induction
system designed for MR dampers [ J]. Journal of Intelligent Material Systems and Structures, 2010, 21(8) : 827 —835.
JUNG H J, JANG D D, LEE H J, et al. Feasibility test of adaptive passive control system using MR fluid damper with
electromagnetic induction part [ J]. Journal of Engineering Mechanics, 2010, 136(2) ; 254 -259.
EBRAHIMI B, KHAMESEE M B, GOLNARAGHI M F. Feasibility study of an electromagnetic shock absorber with position
sensing capability [ C] // Proceedings of the 34th Annual Conference of IEEE Industrial Electronics, 2008 ; 2988 —2991.
CHENG S, ARNOLD D P. A study of a multi-pole magnetic generator for low-frequency vibrational energy harvesting [ J].
Journal of Micromechanics and Microengineering, 2009, 20(2) . 025015.

Transactions of the

Smart

Smart Materials and Structures,

damper based on electromagnetic induction [ J].



