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ABSTRACT

This paper presents optimal design of controllable magnetorheological suspension unit for a tracked
vehicle. As a first step, a double-rod type MR suspension unit is designed on the basis of the
Bingham model of commercially available MR fluid, and its damping characteristics are evaluated
with respect to the intensity of the magnetic field. Subsequently, the governing equation of motion
of the MR suspension system featuring the MR valve is established. Then, the optimization problem
to find optimal geometric dimensions of the MR supension unit is formulated by considering an ob-
jective function which is related to damping torque and control energy. The first order optimization
method intergrated with a commercial finite element method(FEM) software is adopted to obtain op-
timal solution of the system. The performance characteristics of the optimized MR susepnsion unit is

then evaluated and compared with initial one.

1.4 B e

MR A= A7l oste] fRigAoR AW 0wy
sP7b dojus A5 FARA W7 skl A
W37t dojub= ER A0 H|ste] vy & & Hlal BAS gt

= oA it
G ALt E A7 AlEH A 9tk Carlson ArES WEZ MR 44 S9gxe] mde o
=ho slere o7 tim= 3109
5% AEE MR A BAS AL, 2T ) g @t dus pasa gomtl, ¢
5 350 = -
°of & Alel7lel s wdked Ak MR 999l 5 g amo o193 maEly W a6 O ATE
FHHIL Ak o] MR FAZF 7= FHEHH
~ = = T T M T RIS |
T AL A, letska 7 Al S A7l digk AHstE o] &3 Jlow &
E-mail : seungbok@inha.ac.kr rev © voov AE cv AT e
Tel : (032)860-7319, Fax : (032)872-7925 42 7ZF 8AEd dg AL e 2 2] 3=
* A3, L"JB‘W%}E’L ek 5]74]%?1}54 o] FAE Fotol mEAR AX|o AA WaE 2
o5} 3 a3
::* IJO}EBQ.I’L oistel 7]‘74]]40#@[3]' A7) <)kl
el Ie Qs 2 w7t E R )
ZF ezl npel gho), AleAlFe] & R =
# o] =] AR 2010 A A5KF STl Al guwk Hextel gy w$ ET ks
HEE



uebd, Amdeel W5 R SAn
PPA7Im AP gHE RS, sk P
oo A WA vhFAL FI BN
il BEHY GHE sfelof P, of3l WA
RECESE 9
55 o)Fold £3Ee] AHgH I Uk @A) $l
44 AR A8 aepARe 2= o
TR el Sla F 7f He s JiE
I s vaEo] ddd & 718k @479l
HSU(hydro-pneumatic suspension unit)”} 13, %=
A vh] AZARQ 2= qro] ARG Uil it
223} 97 Ay Wil o] EA)8k= HSU
(in-arm hydro-pneumatic suspension unit)©] A}ﬁﬂ
Ak ol d 71"‘ e 54T =1
7}1 2hAM = F8 doe THHLAT 88
TR 5497 Wleh= L‘?i gl S22
fH e8] SrataL Alojd o] S Ay glen
A=abze] A Fdell= A7 stk
kA o] At A= 71Ee] HSUZE 7HAE 4
s ANS SHs] fste] AAl A=A
2olal gl HSUOl MR rAlE 4&3sto] ites
3 MRSU(magneto-theological suspension unit)S-
Akt olsl AsE Frksa deh olF 93
Ao dags g9dshe @9 i MR
Wu g Mgt Eg MR MHO §§%
143}04 Wueol 7] 3=k MR Aol
o]-gste] MR 'WHO] 7]}t
, AFH o0& MR 9WH¢ 7k~
9 Tz MRSUQ] ek

2 L

ol-r{jg
>
o ry

=
9 T+

oft W&

M

2 B

DY _L.>i >

(it
JBI

2. MRSUS| =& &

o] Aol ¢k MRSUE AHLA#T 9} &1
A Apele] MR WHE AXx]ste] MR HH9
s A eEva 93y HEs 2d-ste
Aol gL FASES AAt wd 2 ¥
2Eo] Agstd MR frAlE ¢ |
WE Qg Fate] AN H 8t

o)

Aol &= B o =
olgshAl Ha dAggE o)A e
A

CRPAE e

3L, A}kE MRSU9| )45 flste] Fig. 29}
& #Fx A HAs] MRSUY AsS A
thoo] Ax Ae 2= ¢ Az A
d 3| MRSU9} st M y=
& X'Fo FA Ao HAsYY e by E
MRSU°IA Z#=, A9y 2= 3 o] o]F=
2t oulsta, HiFdlA Bl AHE FLoF
2 fsiglon g oe fHol= JiEd =
o AAE X2 R e vaEY AAE
Tek7] flete] 2 Al dAY AVY RE &
2 ouAE el e A= v g2
Az F=

IO o @ myd

<

=R m

Y

[, (=c0s(93° + @)i +sin(93° + «) j)
Ly (=cos(B)i +sin(S) )
(I, c0s(93° + a) -1, cos(f))

M

+1,8in(93° + @) +1, sin(B)) j

(MR valve)
Fig. 1 Configuration of MRSU

Actuating piston

Wheel

Fig. 2 Coordinate system of MRSU



A9 A4 A

[,sin(93° + a) + 1, sin(fB) =, 2)

OJEHE AUY ZEG NAE Fo| o|FE 7

pE T theat gk
B=sin"{(l, — 1, sin(93" +a))/L,} 3)

A()~G)e Folol A4 245 viEY ¢

49 x,2 T3 b gk,

X, =-1,¢c08(93" + ) —1, cos() 4)

L2 Al 7k o] Bawshs £1F
408 awv}ﬂ Pgsta sk B 3 g
dAel e BuE 27 B, Ve e tew
A2 o4 pot 7] v dAME 4 At

PV =Py ®)

A7V, =mil el riz The Aol WA,
L BH Al hx wue] Qelolth, 2E
gtol <lelel siAlel 9e ul hkx Al ARe
23} g,
V=V, +m(X,-X,) 6)

o714 rE FaE ZE| WA Folt) A 2=
oF 3|4 FAlol ek A28 B T o33 2}

T, =1sin(87" —a + B)(m, w2, P)/cos(f) @)

a3 MR RA FESH % G

FAZSHNSZEI=F8/A21 4 A6 3,

O 2 Aoz pdHh

AP, =2ctr,/d, +caz,/d, )

714 o FAIS FFolm, 7,51 N MR F7
o g, A % el BIATOI, R

< 99 9E9| wkAFoltt. 1¥a L3} = A=
BYy|E xFsteE wHe] Zo|ok wH Qo)
SAolty. aElal dy, a= G2 FAS T A

Afolo] zkelt), Ek ¢ MR A =9k #
9 rE oo go] BT & Jor© o o

FAAE A% ol %S

12
On (10)
1207 +0.87R d T

h}

c=2.07+

webd 2 8)-©)l oJste] AE vxEe] 2
g3k 4AE Pt 2o,

F, = ) (AP,, + AP,,) (11)

AEH 0w o A7olA Aok B4 MR

Ay Qlste] Yehle 99 B4 7,5 Ugy 2
o Aowg Fozt)
T, =1 sin(87" —a + B)F, / cos(f) (12)

3. MR 222

M=
il

HaA

o] A HAEA] wbss AFEAQL
MRSUE #-&3at7] 9lste] MRSU9| 34l —‘T’%Cﬂ
MR #HO] HAAHAE Fqst3lch 013 . 3H
33 2 F Y 3YE V= M
g EZO]_Oﬂ\:]. MR HHHL Hﬂ]:] A
2 etk Hl(head cover)® o] F
A glom Aud el 93 HER T

Belol MR A7t A5 Aolg S8

§

2 WA 4 JrE HEE 273
At A8 2o AFE AVMAZIE A
=S A= MR A
el sk Adre] ot

oo w} ¥AEel ol

2011/501



Adshs W faEs s H. AFE A ok AA Wz WA HHFgE 4
MR WBe] RdgS fste] MR frAl= HI9E sl "y A7) W7 AfdEA 8 4 fx)
A AR JPEAL, fAARe od U & v Ad o] Yekd £ 9l
Aol it nE weko e FdaiA gt
gon FRPA o e glnta 7Hgat 7= .5 p(x) 13)
otk WA, MR A "ol sk st 7tatet OBJ, ‘I
MR %21]7} A7)l 2] 8 %*_M—E FEEEN W 4 0B B2 By, ZEad Aa
3k et el A (8)~(9) % EdHCh _ : N P N
. 1A=Ll o] = L X7l AA W ger AAEY £ = AA W
MR 2H9| HHAAG 7] $Jste] o] ATelAE L& 9 duE BAGe ok 2 opse W
2= XA 3T an = ;= A = pai = = 1 . o=
ANSYS W4 A7 Z2IWAPDL) & =¢ A4 o o magse o o

&a12]F(golden section algorithm)S AR&-3sle] W
Be] 7|51ty HAsE Fasielt o= 37 &
e MR WH Fxd mE HA HAAE TP

Tl A= MR
RO o 9

E] I
nel Jsed A4S A =
o
© 71 0 {5]‘

6 o e O T EI UL MR A 35399 o9 gegs g Ads

Nygeun” A5 <183t o] A+t =Slstgion . 52~ ol odalo A Al =] W

o] AFGHE = 79 AL Jpx= wH o] 7]F aol Aletd = gl dee A At 712

| e TN wEE P AR I aee assme A 9 542 3]
52 A E=E =31 A A EL T = 2~ O

721—7&' }’]&lﬂ—a EEOP%\E} -Zle_l_g}'Qt_ ]{ETE\_ I’_Z]' @’O]E} 51]247274]01] A]—%% HQEQ] Xﬂ?ﬂ'iﬁ—‘%

MR #HJA 27)7F Q17be] Has 3 F7 w, Adr] A7|2FE ZAAEH o] AFtoae wB

- - =2 T =270 v - ==

io‘] 9’112?0 T”ﬂ d S—l %E‘ ‘ﬂgig‘ —,—7}-] 1011‘4’. O] ?1'2]'125"1__‘ 23 mm, Z—J_O] 120mm°]3’_ HQE ﬂ]i:]' }_[;

©oun szl sl s A8 aAgen T I L N =

- - = = e . T o T T

)%1 iO—]Q/] i7]% 75736]1 HQE‘O/] ‘%]Z:]]}gﬁ]'é‘ 0]'7] = }\] qu]ﬁ]‘{'\_l____ 0092Pas°]tq ul g ] S 2= %

p = =] - - : > = - -

Aol of Aol Axdg AR RS O L s e e 4

- — - o = HIt= . O

WdE ANSYS HAAHA Z2afs o]&ste] HA Soln GA7b B2 U2 /)% | mme A

S8 SRS oo BEEE Figash 2ok 3% L L el olotsle e

e e Bl e He 39T E o] AN Wuo) e 1Y

:'[:
UA 2% Az ek A7k 99 st
of A4¥E A% WEE theel A3 gk

S i

o,

J=1/4, (14)
o t 714 2 :A bEE AR, Ak 1Y
| gudolty, FAA xuEE A AnE Brte
Magneic : 7] QA e A3t o] MBS AEi,
& A\
I N=I'R, (15)
Xalve - I a L
ousing H
( i 71 R 2D AFela TAH R g
i e Aow Akt
|
Fiuid duct NS IN ’ R, =Ly, =Vr,/A, (16)
\ | .
| dy —»
— A71A L, ool Aojol & mole] whel 7
Fig. 3 Configuration of two-coil MR valve ol Ageoelth Iglal p. WHe| EAsE BE

502/t A5 S8 =E&/A 21 A Al6Z, 2011



A% 2Z-§ MR d5

Ao AAolaL 4= L] FHA o of7]A
HAEA W T 249 -?771]% AARFE AAs)

R EEEEEDBRS EIEERIEDE

Initial values design
parameters(DV)

v
Run analysis file

Calculate equivalent unconstrained
objective function(f)

v

Find DV direction vector
(Negative of the gradient of f)

v

Calculate new values of
DV(Golden-section algorithm)

Run analysis file

Convergence

Stop

Calculate new
value of DV

(Golen-section
algorithm)

Find DV direction vector

(Pola Ribiere recursion formula)

Calculate equivalent
Unconstrained
Objective function f

Optimal
solution

Fig. 4 Flow chart to achieve optimal design parame-

ter
T20f-—-~.
£ v
T‘2’15 \
Q
g \_\ S -
o© N - -
s 10
o
kS
$s
©
>

6
Iteration

(a) Design variable

©
3
1

—...2x103 — _AP[bar] — N(W)F—

(2] T \.'
g 75} >
15} '\
E ~~~~~~~~~~~~~~~~~~~~ .
E Ll s
5 55| L,
5 b_
[}
5 35//\,\
©
>
15} 3 s 7 9 11
Iteration

(b) Optimal variable
Fig. 5 Optimization results of MR valve

4
B>
mjo
A
ofn
Ok
Jor
ol
rir

A2 AH A

R =(1/2)-{{2R* = (w+d,)* —(w+d,)}
d=R/2 (17
t=R-(w+d, +R)

A71 wet dpi= A7 ZY] 77 B fA HEY
EdlI=s

Fig. 55 o] <d7rellA A|¢te
A= o] HH4A A 3 4
Mo 24 AFE A7t #s
w2d HHHA A 27] ®g 9
Z W8 e A 7] @ 2Y T
of &Y F/ d=4mm % WH 9
mmel] WA 1=0.0872 SAE UL
oted sl AP=42.47 barZ AXFE QA oju)
HoA AlgH HAEe N=2451WE SHHA
T8 BE A W 2 HAs} ghse] wkadst
o 9ty HEFAHor FHH S w=1.5mm,
d=5.53 mm, =13.88 mm= AXE AL, o]F <3}
SRR, gEAds 3 dEadl= 1=0.062, AP
=67.23 bar, N=1823 W= ZAEt}. wlgbr o]

A =20
Wd o) o3k

(a) Initial

(b) Optimal

Fig. 6 Magnetic flux density of MR valve

2&/42148 A6 &, 20113/503



X E N o o =
T = = T oW o) RE R ToU = 1|
od ols 1__% vw_m - < o] op e (- ®o A.m. ﬂﬂu W M ch i ﬂ@ ne ﬂm_ Bl Hﬁ T o) w B G o) BE e T
5 & X mw W E A B b B K T T 77 = _# - M, T N do o gRLE X
o0 o N ) , ik o W o o = o = = >
ZTE rﬂ wl Ly ‘mw 1_._Aro 2= ﬁl a2 = o B[R F N ™ o Z.L ﬂA.l . = OTL % ‘umm Mx_ 5 o Eﬁe o< o Wm l )
! ._x.,nmz_ul ?Mﬂﬂﬂem&ﬂ_ﬂﬂorﬂl ,o_JIMMﬂ = _w\urnEoﬁaAT %73%&4
U oMo i NS TR rEZEe ST 0N, W G 2
aﬂmmg_w]wm i R%Ha%_ﬁx%%%ﬂ&%%ﬂ%q wui%ﬂﬂﬂaﬂaﬁﬂ Mxz L
T oo W H s i o ol 0 0N Y = — < o o K o w OF K %o S
0 B KX ~ ™o o TR B oL o0 ) o X = &~
b =B R K I S N [ ZEm ol &E o ® Ty P =
[l o T 7o o oo = o o X < oL L = oy H ~+ B o X oo o B e I I K mwr o)
7 B T fo W dom or BN I - S A = g R e X H — o | = o
mﬁ%%%ﬂo = ﬂmﬂoﬂ]dv._wm,:/ﬁﬁlﬂqigﬁ% = o ik R o o an:wu
< ™ W [\ Hox N N s oW == Il 7o B w8 T o Pl do o =
mi _— o = g o N N N go %O ¢ =0 ) X o T ooy B -
=y X" A SN 2o ¥ o B Do v 5 Nogic
W B o T ¥ CEmbEe BT OE S POl LZEEgELY 8 Lz gwg
Mo . . e R oz R o Bl g AR = ) N =3 WX T
= FEHgmT T g TR R LT e R CER
== O | 5 TOERd = a MW Mg oo KO R o 2 TG
o = ®x T N WMMEZHOEHE o~ ﬂ.mﬁ@a ) £l ]ewiﬂ‘mﬁ NlﬂﬁﬂﬁrU
N g DR B TR TR T EX i = kL
of w " A= Ew W oW E RN T WO RTIN I - oo 2 TR S
) = —_—— ) ~- 150 XY T — o X N3
N dHewmwx oPﬂ.daﬂﬂiur%%ﬁM#%s.i?a L T oo B
™ T OIN R o B or fals X e H o = o X B T o 5 B
. ST E RSN R R o x .o
pe = w o % ol Nl N B : _
- =T E®
e Eml =
T o
B um_wﬁM
Rl w ]o ° £ 3
ol Ne le m 12 T e 5
e ﬂlmoi ] = D 12 W &
B,.,Epo 3] 5m M “ 7 ..
n ‘Hol 18 2 % .M. nUu S 10 N ) )
=T O o 2 =) > g lo @ ' LT o M
o N 185s8 5 e 2 °g & =5
nE T o & ) k= .5m = > = M
=N ol . 18 & o 2 s 8 £ 2
= 0 5589 2 £ > £ © o 3 2
o005 o< §& = & L. 5 1Rov & . log o =
g W r338 A g £ 3 5553 2 g |[eeeg \\) > 2%
o [ 12 = w2 A 7 o293 195 & ||EEEE 8§ €& »
. b = - o e . L<<< \ s 3 .9
_ﬂ R {w s £ L 12 = [[829R Gole2 A F
& o) _ £ R o 7 Py a <355
b ﬂumﬁw Mm%w ﬁ ) 2 o < o m %a _.....VO._.OO o “" _____,._ (m
T " (w N) enbio] Buudg T o9 o < T oo e P W o <
= 7 [w N¥] enbio) Buidweg ™ -Ma (W NyY) onbio) Bunds L o v o v o w K o)
T+ o = ’ [W Nyl enbio Buidufeq ™ ®
Bl o’ g
=

, 20119

3

/A218 A6



7= A8 MR 5o HA A7

AL P FaE Ao wp=d A w8
7} ®iskstd mel 5A4E7E gacke As 89l
shdar, ol wel oA ARE HAadk Al7|HA
&S T/MAHY =3 HHstE AA w7
55 95kl MRSUS| 478t mdg s F3te] A
obel ;AR EAS EAE old waw
23y B4 9 oy BEA BT AorE 2] A
et FRE VeERa Sl gk W Bl 9l
oA 22 3 Aol diste] HAstd dA WS
ol o 2 9s vehla 988 Feled 4
AN o= oUR] a& SHF g T4 AT
FIAA ¢ drt Tl S5 o] AFoA] At
MRSUE &gt Atz 52 ndz 2540
of tigt A7k x4 otk

F 7

o] dTto] A¥= 2010 % ARSI
of AlYoz shardtATe] A YS wo}
SUtHNo. 2010-0015090).

R

7e

]

jg‘

4
32

il

rak

FooR

(1) Carsol, J. D., Cantanzarite, D. M. and St.
Clair, K. A., 1995, Commercial Magneto-rheological

Fluid Devices, Proceedings of the 5th International
Conferenceon ER  Fluids,
Associated Technology, pp. 20~28.

(2) Spencer Jr., B. F., Dyke, S. J., Sain, M. K.
and Carlson, J. D., 1997, Phenomenological Model for
a Mangetorheological Damper, Journal of Engineering
Mechanics, ASCE, Vol. 123, No. 3, pp. 230~238.

(3) Lee, H. S., Choi, S. B. and Lee, S. K., 2001,
Vibration Control of Passenger Vehicle Featuring

MR  Suspension and

MR Suspension Units, Transactions of the Korean
Society for Noise and Vibration Engineering, Vol.
11, No. 1, pp. 41~48.

(4) Lai, C. Y. and Liao, W. H., 2002, Vibration
Control of a Suspension System via a Magneto-
theological Damper, Journal of Vibration and Control,
Vol. 8, No. 4, pp. 527~547.

(5) Hoogterp, F. B., Saxon, N. L. and Schihl, P. J.,
1993, Semiactive Suspension for Military Vehicles,
SAE Technical Paper 930847.

(6) Nguyen, Q. H., Han, Y. M., Choi, S. B. and
Wereley, N. M., 2007, Geometry Optimization of
MR Valves Constrained in a Specific Volume Using
Method, Smart Materials and
Structures, Vol. 16, No. 6, pp. 2242~2252.

Finite Element

S33|=28/A21 98 A6z, 201114/505





