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<MATLAB/SIMULINK> <COMSOL ofj A >
- Passive model, modified - General bouc-wen model

bouc-wen model simulink Simulink

- Matlab &%t Igr control 2= - Comsol thermal, magnetic,

- o flow analysis
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bouc-wen model

Bouc-wen 2 &l O|2F?

Bouc-Wen | 3
= . . Y7L 7t HIMY S| AHZIAIA SHS SO R BHGT| /o
o =2
AN - MR 2R E BE S el tat 24zl Blagos Wt
Co AMAES #95H= O 22| AFSE
IOl RS e
<general bouc-wen model> >
y General Bouc-Wen model
> X
> - CHAJAHZAARAE 7|2XQHHA 44 EHT HA
- OHX|Etg = M= 29| 48 XI10|F HoHA| X&
F Modified Bouc-Wen model
"+ K1,cl Q20| BHE S| EbM.ZHA Q4 X7}
+ MR HIHO| 2= H(pre-yield)- &= 2 S H(post-yield) Ol (12 HEE G
HEtSHA| ZAL
<modified bouc-wen model>
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bouc-wen model

[General bouc-wen model]

Bouc-Wen A .
7 F = -ii:.[]i‘- + cpr + az
J ' r al [P n—l1 - T
z2=Ax — Blz||z|" "z — y&|z
y =
_O/\/\/\/\/ > KO: M& Amal 2 A:S|AHEIAA S AH Y A
c COo: M A A= B:O|AHEAA FE ==/ ZH A=
O —r —

Z: S| AE|2|A|A AMEY B2 v: S| AH[2|A|A = HEYHICHE ZE Al
a: S| AHIZIAANE AT A% n: O|AH|Z[A|A HMH K|

<general bouc-wen model> [I\/lOdIfI?d !oouc-wen model]

fur = az + Co(X —y) + ko(x —y) +ki(x — xp)
o v, ) 2= —ylx = ylzlz|""t - B(x — y)lz|" + A(x — ¥)
Bouc-Wen , . . 1 .
'_hysteresis Yy = Co+C1 { az + Cl}x + k[}(x _ y)}
alpha: S| AEZA|A M2 37| A% A:OIREEINEBEH A AT
F ko: M AL A (FEN) p:S|2BIRIAIS £2 55 22 A5
o HAS AT A S ES) v: Sl ZEEIA S S 2 SEBITS 22 Al
co: 7|2 HA 2| H % n: S| B2 AL HIHE X| =
¢ : LB B X Zha| A= z: O| AH|2|A| A S H
< ifi - >
modified bouc-wen model J: LS Bo] AR} Bl (TR /EAE A7t 1Eg)
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Quarter car modeling
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a (Tire stiffness)
/A (Tire damping)
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5 MR- damper Oretoj e e
kS kS / ms: XbA| & ZF (Sprung mass)
mu: HFF|- A AHM SR EZF (Unsprung mass)
ks: A|ATHIMN AT ZHE (Suspension stiffness)
|-Zu : M A H BB | 4= (Suspension damping)
% % kt

<Passive quarter car model> <Semi-active MR damper quarter car model>
11 T _— - 1 (&) —
DYE AR HHE PHE T2 MAHME REZ M&E QHo= A4S THS -+ A= MR
Za2g ZHY 4 Qe 5 AIRH-O|CH WIS ZoheHs S MAHMN BHo|Ct
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Car parameter - Hyundai i20

Table 3: Parameters of quarter passive suspension system

System parameter Value
Sprung mass (m,,) 450kg
Unsprung mass (m,,) 45kg
Suspension stiffness(k) 300N/cm
Damping coefticient (c,) 7.50Ns/cm
Tire Suspension stiffness(k;) 2000N/em
Tire Damping coetficient (c;) 1.25Ns/cm

AMH A8 S8XKi20)0 HE 7L Tt2HO|E S AR

<Hyundai i20>
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SIMULINK- Passive model

E 1%
<Equation of motion>

1 |c . ;

%ks I__l g 'T.i"i'_gﬂr,- — _kq(Erll 3-“:] o EH{EH Eu_}
1 <At (ms)0f| Tt 252 E A
'T”uf;'f-':ﬂ — k‘-}{z‘ﬂ _ Eu} L@[:Efs fiu.} _ kt{zu _ Erj — "Li"[:E-u _ ﬂ*r}

— |C

%kt ==l <H| 217} 22 (ms)0f Chet 2sHE A >
NEy
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SIMULINK- Passive model

<SIMULINK 2 & &>

> — ’ —p RMS —p out.zsdd rms

i ]

Road condition %—h max ——»{ outzsdd peak
s ko R F1 H»—1 I F1 vl —j —{ i F1 »F1 vi p—
. ! . | 1
1 F2 s F2 v2 —J —| 2 F2 ———P{F2 V2 H > - ’@7* RMS —p outzszu_rms
&

=
E

Fa

tire Wheel_mass suspension Sprung mass
e |
o — P+ RMS —p out.zuzr_rms
EFO| O H|o17r 2E M A AN EE
gt ds A&
12



SIMULINK- model component

<SIMULINK 2 & & >
I P T @
v2 F2 > — " ’l>

tire V2 F2

L

>
F1 v > F1

F2 v2

Wheel mass @
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SIMULINK- model component

<SIMULINK 2= 2]

=

v2 F2} > B
suspension (2)

—————————————
V2 F2

G | —

i
" nl D >0 o> | , >
F2 v2}
Sprung mass 2 ) 2 )
F2 Ve
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SIMULINK- general MR damper model

<Equation of motion>

MeZe — — [kq[ﬂg — Eu) + fﬂﬂ?]
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SIMULINK- general MR damper model

<SIMULINK 2= 2]

]
Road condtion
—» RMS —p out.zsdd_rms
Zrts Le+—» % 1 Fi1H—] — F1 v |—>u1 F1 F1 v
{2 F2 F2 v2 v2 F2 _—{F2 v2 % . » |ul » max -— out.zsdd peak
tire |_> Wheel_mass |_. suspension spring sprung_mass
' | +
| | 1 @
- RMS p out.zszu rms
I 1
&
— RMS » out.zuzr_rms
-
— 2570 -
RN . fdb—e
L zsdot . kol
| pizudot - Fopt (s » PID(s) _/_ > ’;‘;:';:;' : vin
—»| General Bouc-wen(MR damper)
LQR
<LQR | 0{7|> <PID M| O{7|>

-MATLABO||A] A £ESE | QROJIA 222 x| ™ &l 1} | =248l 1}19] 16<General bouc-wen model>
ol

A X-I
E .
KAEE XN & =8 QX2 HO{50] v INS 20t = ACTUATOR -PID 0| M 22 FEY S N2 =5




SIMULINK- general MR damper model

[O| AH[2[A|A Bz A LS B &2
E 1> 299 BoR
—.{.I"._I'I].‘:- - @ 7 - ﬂl’ A ‘ﬂ-
- s [ 02005 [V = s/em 76.513 [V/em]
X . 102005 [V« s/em] Cp, 176.513
BOUC'Wen 2 B _| Ju |> Go | 044804 [N+ sfem « V| gy 77.5304 [Wom + W
G |36 [N e sfem « VI Qe | — 544464 [Vem « VY
s .“3.9533.['; sfom o V9 | oy 684968 |[Vjem » VY
ky 20 [N/ em] ~y 111.995 [em™?|
3 - i zmz.h s/em 3 111.995 [em 2]
,| Ju| » Cl | 10714 N = s/em + V] A 12.843
F = . —T‘L-E-.["'.- sfem » V7 7 2
ko h |_. Cig | M558« s/em « V| 190 [sec™ ']
_hys * k, -3 [N/oml Ty 2 |em|
»<‘p |
Co K
25 U 3 52
Sarmma i
k.| —
o
D o
<general bouc-wen model> = = T DO
[
— [rm .
¥ W g
F k.[]JJ + CL + az THiau . ‘ con e —
@ : s
n—1 ]| T '& '(g i —
2= Az — Blz||z|" "z — y&|z A -
|_ —
.@ Alphaila
| ¥ = ¥ [U} = o, T ¥
a3 ﬂ I . . I .
'I'I_—'i"llr_t.:—t_l_:l wb Cn = IE‘ZII:I""':I = Cy, T Cppld
. [’ Zd-da A7t 2= T oo e}
(TRl 1A} XA 2 &) Hetk|= 54 B
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SIMULINK- modified MR damper model

= <Equation of motion>

K

O .
<Semi-active system>

Au » out.zsdd_sig

s ——» o i Fi—»—] — F1 V1 |—> v F1 F1 v }
2 F2 F2 v2 v2 F2 = F2 v2 % » || —»max —» out.zsdd peak
Wheel_mass ‘
1
I I

tire suspension spring Sprung_mass

outzszu_sig

—

L
| i > outzuzr_ sig
— P zsdot |

Br | =

>
e — Xud
| gl oucinl o Fant 4 » PID(s) f p{ Lumis) - G
i denis) ¥ Xy R ———
P 1 T
L s
LOR —
— X=d

<Modified bouc-wen model>

i odified bouc-weni(mr damper)
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SIMULINK- modified MR damper model

Para- —

e 0A 025A 05A  0.75A 1A E% %I EII()-" [[I-E_I- EE;_I _|_|_|-|'-_|_|-|:|| E-I%
A 841.18 15891 110.17 220.76 107.18

a(N/m) 3785.5 14832 48410 29502 65992 Lookup TabIeE %x—'.l 2".*_"

B(m') 6.34<107 16111 3.62x10° 1.87x10° 3.03x10°

Co(Ns/m) 3101.5 28472 3651.3 3397.2 39992

C,(Ns/m) 23395 1.94x10° 4.17x10° 4.24Ex10° 3.68x10°

y(m') 43468 1.99x10°2.08x10° 66035 1.94x10°

Bouc-Wen ' = K, (N/m) 33242 28104 66.422 11328 273.95 l‘ &

’—b

1-D Tu)

i
£

>

_hysteresis o K, (N/m) 17571 16451 31.08 49029 36.22
| ‘ Xy(N/m) 0.016  0.15 0.14 0.73 0.12

N 2 2 2 2 2 Q
alpha ’—V
1D Tju)

|
2

e
T
:
r

-
e\gi :
]

tl:;___
]
Hn SR

1-D T(u)

1-D T{u)

&

J Frmr
x

P oo | =

<modified bouc-wen model> T 1

Nl
J
vy
LL

==

e
|k | _*_l_ x _-_l = | L1

fME_=HE-FEQ(i'—j’)+ku(x—y)+k1(x_xu) f——r\/_l_
Z= _]"’lx _J}lzlzln_l o ﬁ(x T y)lzlﬂ + A(j{ - }’} 1D Tiu) i D
V= (@ + X+ ko(x =) \_ :

Co+C1

19



LQR control

e LQR= M A|AHEIO|A O|XtA H| 8 2= (quadratic performance measure) =
23150 7Y 280 JE) I EB K07 F 245t L E
. [E'EM‘l Z| = K| ™ (optimal control)2| CHHE A Ol 7| &

Linear

A|A" 2 Ho| Ho|7| mjE

Quadratlc

- H| &3t )7F A E- I EH O XNl& FEH(2KXA) 0] 7| M =0
7WSOI CtESHX| D MM O 2 S E 2 = US
Regulator

HOIZ 5o 2L S (%}
MENS flote Mo2 3N 3

L




LQR control

= H‘%%I-jlk J= —jlt—l—l—gl' 6"% X'”O'lm = U xj‘

Q: ME B4E AN St 2 (SAH
25 ol F25)
- R H O] UBS QAR SHs L
X Ok

Ol 24 | ©
<H0f 221 u( 512 0|0
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LQR control

LQR XA |0 &= u* S I (Bellman = Riccati)

T=5@ans U Ru) dt

" ML R Ve 59

Veo= 2'px D ofezg Bk Wlg

2 Beimn  Tme am mg

' T T, _ | “Si% 6| + 0|2 H| 22| HB}2 - 07 0|2t
VExax + WRW=9 | simyosjm mztr

V= AP+ PRI X + 2 PBU
= a1 + () -
1¢Pc’#fﬂ"l"
= 1Px + ATpa

A= Ax+Bu cHoj
= (F\MBu)T Pa + 1TP (A118u)

= xTAT()?(-t WB PR + A pAx A PBu

W=u' x=o" (Lkz0i23)

= AP+ PRX+ 22 PP U

r/2
”
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LQR control

LQR Z| A M| & H u* & 1FH (Bellman = Riccati)

= AP+ PRIA+ 2% PP U

7

B 2mky B3 Aoy chgy
(Redmom

Fn = AT ATpy payx + 2ATPBu + '@y + URU = ©

M3 BRI UL UX2tD Bo1 W R Bl apHpoy
DA 5y

2 @)= Wpa + 2% Phu <& 0|4 U\ SR Ty

9 _ Mo =
Pws  vofopq 21§ b0y g = HRur 2B PR 2o
S 5 (umou) ) Ru « B'PZ >0
73&‘ " T U — 2 A . - T
Tee T DAL E Y
a) \
TemBy . S (2 PBu)= 2BTPX =270
Bellman Z| &8 == BIHFA|7]| 7] S5,
uOi| ek et EOf DI—.'?'_—3PO4 Ziliﬁkg oI
=0

23

W= “RBPK & ct\ Belmom Aol chg

2 AT chP4pmx —2PBR B PA tA QA =0

ole) BT AN Hp A o olojdk el
Ap+pPA -ppR B P tR=0
2|9te) My’
«X| &l %S CFA| bellman! 0f] CH 3K xOf
Cij 3+ 810t 7| Bp7} Do OF S 9 A,
= Riccati 2 A O L=LC}”

T - T - T

<LQR M|07] S &>




LQR control

MATLABO|| A1 2| LQR

158
lqr - HME-2%t ZEI| (Lor) A 149 [ % LOR: 3 =1 (x'Qx + u'Ru) at H
HHEBE . = K Tar % -
£ 0|S #Z g, AT 2 207 LHA G 5, ADAIRF CE 0IAAIRE MEiE? 141 % AOIEH: u= K lar = x
L
ol o HIET 2™ p= | AHEE
22 sys= HFZE =3 pS MU 143 [K_1lgr, S_lgr, eig_cl] = 1gr{a, B, Q, R);
144
Syntax 145 disp('===== LQR 2|5 K (u = -K_lgr * x) ====="};
[¥,5,P] = lgr(=sys,Q,R,N) ijE disp(K_1lgr};
- — = iy o o
[L{rErP] lqu:;!l-r—'rDrRrH:l 148 dlSl:ll: ===== L= L :_FI__.-'I- A-B =====I:]_;
149 disp(eig cl);
Input Arguments 158

sys - =3 AAH DY
ss DY My

L - AEH #HET

nxn HE

- UL HE

nxm I

o - HEl-HIE 2HE 3

=) ) 52

|
=1
E'-|_|
TEI

K x| A4

CHa= 2lZHEl ZFE =] dh

= T

5

|

MATLAB Of| A{ LH
A,B,Q,R & E
AHSE 0| =0

-
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LQR control

o
10
ll %% -+ + + + + + £+ + 1+ 3+ & =1 1 & X}? mE}U]E1 (Quar‘ter-car" SI E}-?-]) 3+ + + + + ¥ £+ + 1+ F & 3
12 % Masses
AF H a1 7 5] __I_LA-| 13 ms = 450; % Sprung mass (kg)
@ o E o |_|- E 14 mu = 45; % Unsprung mass (kg)
15
16 % Suspension (N/cm -> N/m)
@ MAeydyr 2 L ,‘te\'\u'ﬁ,ﬂgﬁ .?-3_ ﬁll 7 ks = 300 * 100; % Suspension stiffness = 300 N/cm = 30000 N/m
? 18 Kt = 2000 * 109; ¥ Tire stiffness = 2000 N/cm = 200000 N/m
. . 19
m E = - - &+ X - =1 <+ 20 % Damping (Ns/cm -> Ns/m)
7(25 4"( z" Zu) v Ax Bu EW 21 cs = 7.5 * 109; ¥ Suspension damping = 7.5 Ns/cm = 750 Ns/m
. ) . . . 22 ct = 1.25 * 109; % Tire damping = 1.25 Ns/cm = 125 Ns/m
m - - — “ — - - — — 2
4Zu kﬂ (25’ Zu) kt (zu_zr) - CtC Zu- 3?) V’ Kl '55 zq )‘ 2 ic‘. ;i
. j X,= Z¢ = - =2A + - 26 % % MR DAMPER PARAMETERS

= A <Atgh oietil e g 2l>

AEEH H:\_&'r A' 39 | %% =============== 3, Quarter-car State-space ===================
- k C~t 49 % x = [x1; x2; x3; x4]
- - t | ) > )
_ o ’(q zu"‘ "§7(["‘ -—’Tg——ﬂ*-\-e—tw* -—_ U 41 % x1 = zs ZuU
xl - 2)' 2u [ X|'X'I|E‘r‘| Ma My ’"q My My 42 % x2 = zsd
43 % X3 = zZu zr
Kp= 2, (— KHSE o e - .
.éb ! S — — 0 I 46 A=[0 1 2 -1;
- o _ |- 0 o 0 47 -ks/ms e e 9;
Ay= 2,- 2, HIFE? A = "5 0 R— |/ C — 0 48 0 e 0 1;
= 0 0 0 i Mr, t- - 49 Ks/mu e -kt/mu -ct/mu ];
o= 8, [— HFAZE 0 - - | |
w ﬁ’q k (2 5 c-\':. 51 B =[0; 1/ms; ©0; -1/mu];
. ﬁ‘ 0 =% "E; % /Mq 52
= ¢ " My — My~ - — 53 E =[0; ©; -1; ct/mul;
(A Zy ( DU-{_ ?_\Zt) L * sa
55 % z sdd = Cz*x + Dz*u
56 Cz = [-ks/ms © @ 9];
57 Dz = 1/ms;
58
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LQR control

B 7 B =1 = .
~zdd F‘*I'E'” F]___II_E
y=|a | = |H2HHd AEER3
59 h;b S==S=S=S=S=S========m 4, Uu[pu[-oasea LQK )c[[lngs —3+ 3+ 3+ttt 1+ttt &+t :E:i E_l_[:]l 01 % —l::|11
60 %y =[2_sdd ; x1 ; x3 ] - - - -
61 C = [Cz;
-~ . = O~ L == = O 21 AL L ol x| =< =
. 1000; SR80 MZels £35S HQ oo AT #HEsY| iz yE
65 13 N L
65 D = [Dz; 9; 9];
66
67 %% Weight candidate lists
68 w_acc_list = 1e6*[0.5 1 2 5];
~e y susp list = % ’ ' . > H — = - = o = Il
SR ueist - 1ee000.5 1 2, 2t E20) RO IHEA| $HES 0|2 02| YO R FHISE 2|AE
70 w_tire_list = 1e5*%[0.2 0.5 1];
71 r u_list = le-3*¥[0.5 1 2];
72
73 %% Normalization ref values
74 X1l _ref = 0.15;
74 x3_ref = 0.05; 1 — = — o " o~ — = Al e O
76 S TOE = S 2 dsX|®HE S8 Hluot| flof 7|+ A7|= ‘doll= i
77 u_ref = 2000;
/8
79 %% Performance metric weights
80 W_zsdd_peak = 1; W_zsdd_rms = 4;
81 W xlpeak =2; WXl_rms = 4; — L = =~ =
= = = A = ola >
82 W_x3_peak =1; W.x3_rms = 2; Peak-RMS & HsX|HE= 70| S £ AN &t 7I=X|
83 W_u_rms = 9.3;
84
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LQR control

Ok 2| X Of K A4k of2f JHo| & = K| =

12-5- :eeszz;zzzz:‘:T::::: 6. Optimal }§ 'eight Search ==================== X-” O- | S Hl_l-% A-l 74' |'__l|_’7_||- Ezl-_l
c S 2 A |. | Q-l -” O-I (o) = | O =
12: for wa = w_acc_list Ox7l- A-I J-IilAlj E CI%! C-DIOX-H-JE
== i P iy . L —
E B ks Al&Fofl )78 2271 &l = 2[5 LaR 0|5 K
~ for ru = r_u_list I=Ne E 'Ll.i —
iij or ru = r_u_lis X'-O_E AI__l ﬂHO = i_
112 Qy = diag([wa, ws, wt]);
113 R = ru;
114
115 % Output LQR » State LQR
116 Q new = C'*Qy*C;
117 N_new = C'*Qy*D; =S —
118 R_new = R D"‘(,Q;,"D; @ EE—:! 7|'%X| —?—E(Qy, R) )kE-UGI
ii; % Compute LQR gain \l/ = N N
121 p ~,eig cl] = . lqr.(A,e,aneu,S_ne.-i,';_ne\-.j-; @ 7_||' 7|-3I| ZS‘.;.*(w_acc, W_susp, W_tire’ F_U)O'” EH OH LQR AE_|7:”
122 if any(real(eig_cl)>=®), continue; end H|-E
123 =
124 % Simulate state response
125 AcCl = A - B¥; \l/ N
£= I = SSEEL, B, mua), serorts 3 Output LQR - State LQR H2HQ_new, R_new, N_new A 4H)
27 X_all = 1sim(sys_x, zrd, t);
128 \l/
= vy e i @ lgr(A, B, Q_new, R_new, N_new)E K A| 4t
131 U = -(K*x_all.')."'; J
132 — — .
133 z_sdd = (Cz*x_3ll.')."' + Dz*u; @ 7:”A|_|-E|_I KE .I.L=||$—£ Alﬁ% Al%alolﬁ(ls'm)
134
135 % Peak/RMS \l/
136 peak_x1 = max(abs(x1)); rms_x1 = sqrt(mean(x1.22)); = AE .EFO HH 2. & Sl o A
137 peak_x3 = max(ats(xz)); rms_x3 = sqrt(meanz:-:a.AZ)); @ |-_I E __Eﬂ |- |O-| I_T| -”O-I = | Peak/RMS 7:” =
138 peak_z = max(abs(z_sdd));rms_z = sqrt(mean(z_sdd."2)); \l,
139 rms_u = sqrt(mean(u.”2)); M |_ | 7:” — 7 =3t
1490 <:> ( iﬁLEE} + f?fi hﬂ)
141 % Normalize \l/
142 ) = W_zsdd_peak*(peak_z/zsdd_ref) + wW_zsdd_rms*(rms_z/zsdd_ref) + ... L
143 W_x1_peak*(peak_x1/x1_ref)  + W_x1_rms*(rms_x1/x1_ref) + ... _]7|' kl A7|‘ E': | K(best_K) A,_'i E—I'll
144 W_x3_peak*(peak_x3/x3_ref) + W_x3_rms*(rms_x3/x3_ref) + ... _
145 W_u_rms*(rms_u/u_ ref\
146
147 if J < best.)
148 best_J = J;
pest ¥ = K; best K -2.9804e+04 270 5.
15¢ best_param = [wa ws wt rul; =
151 best_eig = eig_¢l; '
152 end
o | e ™ <workspace X & 21>
154 - end

Command Window

— | Uusna () (1419 f) (11U -f) firif ) ! 7
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o0 QR control

Block Parameters: Gain b4

@ SIMULINKO| A X| X O &l AH| At

Element-wise gain (y = I<.xu) or matrix gain {y = [¥*u ory = u=l<).

Idain Signal Attributes Farameter Attributes
Gain:
| [-28804, 4183185 42, -0.038128] |

Multiplication: | hatrix (15 u)

+
;_ Ol Cance Help

— z=dod
— ] zudot Fopt % . I EF%HD (1)
o zudot ey Fopt

Ir

LOR é

"MALABO|| A HAFEl LQR Ol K £ 0|23 Simulinkd| M
=—K*x 2 Z[M X 0| Fopt & AHlLFSHE}”
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LQR control

) SIMULINK(PID control)

| 1 —

—P zs-zu
I P zsd-zud l—e WHY PID?
I_I_: zudot Fopt p— O l ’@ > f > ‘:j‘:‘:((:)’ >\ in
—_ | e 1 Senerel oue e demper ‘Bouc-Wen MR HHI{ D G2 H|ME.E|AHZIA|AT}

Zofl A S22 7|8 MO 7F oY=

d : . Maodification L _
x’nn‘::’gikor ? Bouc-Wen ./:MR 'Al %E'” Ol ﬁ %E% Ll Dl_:lA-I zg %I 7Ell = Kp,Kl,Kd%
AL Model
ZRBI0) QA0 R 2 gt
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Simulation results

(D Passive model
- passive_model.m &2 -> passivemodel.six&2 2 -> postproc_quartercar.m &l

@ general MR damper model

- general_MRdamperm &2 -> generalMRdamper.six&

~3l -> postproc_quartercarmi &

3 modified MR damper model

- modified_MRdamperm =3 Al

-> modifiedMRdamper.sixz=

02:*

-> postproc_quartercarm: &
CAIBRO|ME T QS 7 DU MIFAC M FAH = AR
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Simulation results

HIISF M= K| &/
<o |_E o o Xl:H-'> s % s —p RMS —p out.zsdd rms

= 1. ZSDD RMS — X}H| 7= & RMS (Ride comfort) T

——»
o AXIZE K| E, =B SZ0| A2 Q0fLF MYE =X 2 LEILYE 2t Rte4E %Hm%mm_m
Xt2o| BE218 M 7|0 SXH20| SHAE A
s fga A Ll F1 Ly 2. ZSDD_peak — XIN| 7|5 | CHZY (Impact shock)

| 27b £Z0o| N7|. D&YX EO|L} RS XY [ XbN|7} B A|Cf 7h 2 (| Of -

— 2 F2 Ll " q——h RMS —p outzszu_rms

— £24)Z o|0|. ZH0| RIS 42 SHO| Yot QHFSH MATM, —q
A ° °

3) ZS-ZU RMS — A = RMS (Suspension working)
MAHMO| HOFLE HO| 2T =X S LIEHH. 20| AH AEZ3 7310 MAHHO|

=
+2 2% 2 23X Y0| FO|S0 AWHY

| >
&
%
).
m
i

1
—> - —p{+_ RMS —p{ out.zuzr_rms

O Y=/ute &, 40| &=

4) ZU-ZR_RMS — E}0]| 0 42| RMS (Tire load variation)
"E{O|O{7} L DT} Ot} QPR A O 2 &S| =X|Z LIEFH 240 3B EFO|Of7}
L= BOjA] BEO| E{0{QE ALt HX|20| TS 0| B 42 X 20| ™A

S/siof 7 oy B
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Simulation results

<10cm T2 Smooth Bump>

# Road condition — O X

File Tools View Simulaticn Help ‘!

@ - a® b =R RC AN RS P

Heady sample based T=10.000
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Simulation results

A=e0[8 £0f - =F 1

@ Passive model @ general MR damper model 3® modified MR damper model

#, Quarter-car responses = [ X
# Quarter-car responses = ] X = A i 5 _
ile Edit View Insert Tools Desktop Window Help P ST T o g
1 X | A = lle  Edit View Inset Tools Desktop Window Help file  Edit View Insert Tools Desktop Window Help
ELELIEEER: R - lle | Edit View [nsert Tools Desktop Window H
1dde | @068 R[E 1Sde | @ 08| k(E

Sprung mass acceleration
T T T T

OI_:Ij|‘ xEI EOI: - 5 - ' ' ' Sprur’»g mass| aceele'ration ' ' . . Sprung mass acceleration £, AEMAQAG
b A|ZE | E T ~ ' ,
— — — 0 = 0
o 1
:]_EHE 3 —§0*/\/\/\/\M/\MA/\WNV\/\MM Eﬁo——’\ f \—
) 1 2 3 4 5 e 7 8 9 10 h 5 L " " ' : - L " - N . . | | i . . . .
0 1 2 3 4 S 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
A‘Iﬁrlilﬁ P 0.05 - ' ' ' Sus|pensior|1deﬁec'tion ' ’ e Suspension deflection
o A 7|- ‘-_: 'g = .
|_T|- | L N 0 = E
' N 0 B
— » N 0
:I.EHi N i ‘ | | | | | 4 \/ \/ J —\/\/\,
BT S S S N L T S S I s S T IS
&6 Tire deflection _ ) 0 1 2 3 4 S 6 7 8 9 10
El_ol O_I - o | ' ' 0.01 1T|re det:lectuon' . . . iy Tire deflection
HHR|-Al 2 koo £ 5
L_ N — q:, ':‘ 0 r:‘“ 0
:I-EHi -0.01 N N
o 1 001 .001 1 1 i L A A A 'S ',
Tl 0 ‘ E e SR £ z - - i o 1 2 3 4 5 6 7 8 9 10
Time [s] Time [s)
RMS zsdd Peak zsdd RMS zszu RMS zuzr ) : _
— — — — ==== Pegrformance reduction relative to Passive (%) =———=
EM5 zsdd percent Peak zsdd percent EM5 zszm percent EM5 zmzr percent
Passive 1.6564 9« 238 0.02404¢6 0.0040632
General BW 0.91344 3.5098 0.0081355 0.0022641 General BW -44.854 -35.458 -66.167 —44.278
= Modified BW -52.848 -54.,4%582 -T71.898 -52.375
Modified BW 0.78102 2.4747 0.0067574 0.0019351 = = -

<passive = 2 Oj| CHOt mrA I REHO| H5 K& LdA=>
<HEHZF 22 &5 H| W &>
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Simulation results

<5¢cm CHS Smooth Bump>

4. Road conditicn — O >

File Tools View Simulation Help »

G- OQP® | =- &34 & -

ro
b
1A
ro
=
b
0
Ral
Jm
o
30
rir
H1
HU

Heady =ample based T=10.000
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Simulation results

NEE R -

@ Passive model @ general MR damper model 3® modified MR damper model

4| Quarter-car responses — O X i 4. Quarter-car responses — x
4| Quarter-car responses - O X
File Edit View Insert Tools Desktop Window Help o I ; I @ 5 I File = Edit \iew |nsert Tools Desktop Window Help o
- File Edit Miew Insert Tools Desktop Window Help N = —
Dgdde | @08 & E : = ODcde @ 08| §E
: Udde | @ 08| kE
Sprung mass acceleration Sprung mass acceleration
4 T T T T T T T T T 4 SDFUI’I‘Q mass a{:ﬂeleratiun - T T T T T T T T T
N': a2l ] _ T T T T T T T T T NE 2k i
E o/ Yoo - E —f"Uf’\/J Ao~ \—
3| | E VAAAN 3, / |
M =
--I'-‘ i i i i Il i i i i N::I '2_ 7 _q i i i i i i 1 1 1
0 1 2 3 - 5 6 7 8 9 10 -4 L L L L L L L L L 0 1 2 3 ks 5 6 7 a 9 10
s ion deflection ¢, A =M & © {7} 0 ! 2 : 4 > 6 ! 8 ¢ 10 Suspension deflection
0.05 T T T Iljsl':'al-"sm'rll h e‘:l on T T T 0.05 SHSDEI’IEiDI'I deflection :.:"‘ ‘% E ﬂ‘j a a ﬁ 0.05 T T T T T T T T T
IE' R T T T T T T T T T E
I-.-:l N:I ﬁ‘\/bv—/\/b\/\—/—\/\/ '1'?'
M 'Y M
-'D'DE i i i Il i i i 1 ] '{:":}5 i i i i i i 1 1 1
0 1 2 3 4 5 6 7 8 g 10 0,05 L L L L L L L L L (] 1 2 3 4 5 (5 7 8 9 10
Tire deflection 0 ! 2 : 4 5 & ! 8 g 10 Tire deflection
0.01 T T T T T T T T T Tira daflaction 0.01 T T T T T T T T T
— ':}':}1 T T T T T T T T T L—y
E — E
M (1] .E _\/\/\W\f\/\/\/\ M ID_\.[\\/_\—A\/\/\-’J\/\'
M 0_ M
.0.01 I I I I I I I I I K -0.01 1 1 1 1 1 1 1 1 1
0 1 P 3 4 5 6 7 8 g 10 0,01 ' ' L ' ' . . . . 0 1 2 3 4 5 6 7 8 8 10
Time [s] 0 1 2 3 4 5 ;] T a a 10 Time [s]
Time [s]
=== (Juarter—-car performance metrics (absolute wvalues) =———= ==== Performance change relative to Passive (%) ====
BEMS ==dd Peak =z=dd EMS =z==zu EMS =znzr EM5 zsdd percent Peak zsdd percent EM5 zszu percent EM5 zunzr percent
General BW -16.214 -11.&845 -52.525 -15.731
= - _— - . L i i -7 '? = — 24 = —_— o —H'? '_,"'-
Passive 1.2557 3.2891 0.018357 0.0030984 Modified BW 27.13% 29.21° 44.531 - 178
General BW 1.0521 2.906l1 0.008713 0.002611
- - — — - L = — T . E —t E — E i —_— (@)
Modified BW  0.914%2 2.3282 0.010109  0.0022563 <passive TR0 Ciiot mrAEH REHO| d5 X|&# 422>

<HHII 22 J= H[d &>
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Simulation results

<APQII} = H>
4. Road condition — O] pd
File Tools \iew Simulation Help ke
I::-:"I - ‘-{1‘.5 @ I]L‘) B Egh - gl'? - D - § kﬁ -

Ready Sample based | T=10.000
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Simulation results

AlE220|M ZI} - =8 3

@D Passive model @ general MR damper model ® modified MR damper model

4| Quarter-car responses - 0 X 4\ Quarter-car responses - O x 4| Quarter-car responses *
File Edit View Insert Tools Desktop Window Help h File Edit Wiew |Insert Tools Desktop Window Help . Fle Edit Vi R — - el o
——— : — . = File Edit View Insert Tools Desktop Window Help
= LT Dgde 8|08 | KE Negde | 2|08 | vE
- < =z =
Sprung mass acceleration Sprung mass acﬂeleratlun L% E 'K‘m a a ﬁ
T T T T T T | . Sprung mass a{:ﬂeleratlun ‘é E ‘fw a a ﬁ
N’: 5 - 5F
N ™
E ot J \ / \‘ ’/ \ fj E
/ \ 3 / / \ 2 \ \/ /
i i i i | | | | I kil 5T N-S I'\. \_//
0 1 2 3 4 5 6 7 B g9 10 0 3 4 10 =L

- 5 6 10

Suspension deflection , A {={"] & C {} Suspension deflection
T T T T T T 'El'] T T T

Suspension deflection
T T T

-z, [m]

0T i i i i i
0 1 2 3 4 5 [ 7 a o 10
Tlre deﬂectlun

£

(/
<E
g

Z -Z

0.1

i i i i i i i
0 1 2 3 - 5 6 7 8 9 10

0.02 TIFE deﬂectlun
= / 0.02
E E
;e W JV\/\N \ a/\/\ /\/\/\/\/\/\
002, N
. 10 -':}.':}2
Time [s] Tlme [s] , 5[] E ? B 9 10
== uarter-car performance metrics (absolute waluesg) ——=
EMS z=dd Peak =z=sdd EMS z=zn EMS zuzr
- - - - === Performance change relative to Passive (%) =
FEM5 zsdd percent Peak zsdd percent EM5 zs=szu percent EM5 zmzr percent
Passive 3.459% T.8328 0.051284 0.0088706
Ceneral BW 3 G433 £.5172 0.034465 0.0072807 Ceneral BW -14.531 -1lc.7%6 -32.75%6 -17.8923
. Modified BW -18.816 -43.537 -28.557 -22.573
Modified BW 2 .B08% 4,031 0.036639 0.0068682 ofitie - =
—_ =l CHSt H 1T Ahx_7l-Ao
<GYEFDE M H D s <passive 2 20| CHOt mrEH D] ROl d5 X & dAE>
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COMSOL
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MR damper COMSOL Objectives

<MR damper ol| & =%

(1)Thermal Analysis
- Coil ™FO| 2|t Joule Heating E7}

- Damper L& 2k & oo

EH Qg g T

Bt = 1(B) T3 Ap(ry) t= F(Ap)T
/

(2) Magnetic Analysis (3) Flow Analysis

- Magnetic Flux Density A4t - MR fluide| Mo 2 2 EM 30
- 73 oidde AEA7|EE d=9| At - Gap U Velocity field, ¥ st 24

- COMSOL 5.2 version2| otA 2 w2|0|t A AS

21 == AT
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Modeling

3. RD-8040-1 and RD-8041-1 Dampers

<Datasheets & References Used for Modeling>

2. MRF-132DG Magneto-Rheological Fluid Technical Data Sheet

1. S. Sefidkar-Dezfouli, “Design, Simulation, and Fabrication of a Lightweight Magneto-Rheological Damper,”
M.Sc. Thesis, Simon Fraser University, 2014.

Electrical Properties*

Input Current, Amp
Continuous for 30 seconds

Intermittent

Input Voltage, Volt
Hesistance, ohms
@ ambient temperature

@ 71°C (160°F)

1 max

2 max
12 DC

Typical Properties*

Stroke, mm (in)

Extended Length, mm (in)
Body Diameter, mm (in)
Shaft Diameter, mm (in)
Tensile Strength, N (Ibf)
Damper Forces, N (lbf)

Feak to Peak
FEcmfsec@ 1 A
20cmfsec @0 A

Operating Temperature, °C (°F)

RD-8040-1
55(2.17)

208 (8.2)

42 1 (1.66) max
10 (0.39)

8896 (2000) max

=2447 (=550)
<B67 (<150)
71 (160) max

41

-

(1]
Mame

t_coil_slot
t_MR_gap
L_core
R_piston
P_avg

housing_i...

T amb
h_conv
W_coil
D_body
L_cail
R_core
t gap
Qo

W ocoil

[ co

I Ci

E:-:prgsaicrn
1.0[mm]
1[mm]
11.25[mm]
18.25[mm]
10W]
21.05[mm]
293 15[K]
J0[W/ma2/K]
4 35[mm]

42 1[mm]
20[(mm]
g.a/mm)
gmm]

P_avg / V_coil

pi*(r_co”2 - r_cit2)*L...

r ci+W_coil
R_core + t_gap

Value

0001 m
0001 m
001125 m
001825 m
TW
002105 m
29315 K
30 W/im=K)
000435 m
00421 m
0.08 m
0.0099 m
0.009 m

21701 W/m?
4 6082E-5 m?

002325 m
00189 m

Description

core height
Outer radius of the piston
Average power dissipatio...

Ambient air temperature
Convective heat transfer...
Radial width of the coil...
Outer diameter of the da...
Axial length of the coil...
Radius of the magnetic...
Radial magnetic/flow ga...
Volumetric heat generati...
Volume of the coil regio...
Outer radius of the coil r...
Inner radius of the coil r...




Thermal Analysis

Thermal
Analysis
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Thermal Analysis

<MR damper Geometry setting>

Figure 5.1 Detailed SolidWorks CAD design of proposed damper.

1. feature-based simplification

Core : A& MY, UIstst= S 42

Coil Slot gap : Coil2t Core AFO[Of| B F 0|2t =40| CHE

Coi Region : AH7|&af Eof ™ (Q = I42*R, magnetic field source)
MR Fluid Gap : &2[2H0| & d5t= X|H

Housing : 8AIZ=H & 3 &4 X}

43

4 ' Geometry

Rectang
Rectang
Rectang
Rectang
Rectang

e 1  Coare fri}

e 2 _ Coil Slot Gap =)
e 3 _Coil Region 3
ed MR fluid gap =)
e > _ Housing >/

—orm Union (i)




Thermal Analysis

Graphics .
Q Q| & L PaeceN S@EEF | ~ o @@ — | Axis of Symmetry
_HI N Y NN TN I Y TN TN TN TN [N RN N N N AN TN N TN T [ T TN NN Y T T T [ T TN TN NN N Y TR T T [N T B |I)£r_|__
=1y | (= i
807 ' i . . Q
| | 2. 2D axisymmetric Al-8
] - Damper : A& X -> 3DE AMESHA| 2 F
j - M AABHR|T HRET QR 4 UAS
SD_:
am‘: '
307 ;' ) - 2= & m3oi40 2Rt
; BT R HH S Aol A ZHzof e
| 3 A2 7F GLCt
107] \/
-
| |
ll:l_' | = | | | !r=[:l Lt | | | | |
40 30 -20 10 0 10 20 30 40 a0 60
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Thermal Analysis

<Material setting>

< copper : library AfE>

— L. + | Heat capacity at constant pressure Cp 3850/ kg*K]]
4 o Materials ¥ Density rho 3060[kg/m ™3]
+ Thermal conductivity k AQOIW/ (m*K]]

os Lopper mati)
4 J=0 Stee| custom gmadd)

<Steel, MR _fluid, coil slot : custom>

== Basic [gef) | Density tho 7800[kg/m* 3]
=2 ME_Tluid [imais) +  Thermal conductivity k 45
| | Heat capacity at constant pressure cp 475

=2 Coil slot fmatd)

e . -

¥ | Density rho 2450

! | Heat capacity at constant pressure Cp 600

] |Thermal conductivity k 0.25
S— S —

| | Thermal conductivity k 0.2

! | Density rho 1000

| | Heat capacity at constant pressure Cp 1000

45
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Thermal Analysis

<Heat Transfer Physics setting>

-1
~ T %+ Q= pgs
T-—- :—Lﬁfrlﬂ:n

at

4 | [0 Heat Transfer in Solids )
o Heat Transfer in Solids 1
o [nitial Values

D—.

— Axial Symmetry 1

o~ Thermal Insulaticn

23t Source 1

.
= Heat Flux 1

V- (EVT) + 6 = o

g
H O OROR W W B B G 3ol =] 0D
L T 0 S T 3 N T ) B 1 T i N Y o T 1 (N i N 1 R A ) I

p 1 | + [ 1 1 1 1 1 1 1 [ 1 1 |
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Thermal Analysis

° ° 80 s NI
<Heat Transfer Physics setting>
707
CEN
ECI:
s n-kvT) =0
457
407 o o
. . N = |_O'| A h t ﬂ - O I:I_ =
4 | [E Heat Transfer in Solids (4 o cat =0 (=)
] . . 5 H
w® Heat Transfer in Solids o
y . 157]
o Initial Values -
— _ 57
=) Axial Symmetry 1 ol —_— .
o— ] 20 0 20 40
— Thermal Insulation 1
@ Heat Source 1 | | | v Heat Flux
El eat Flux 1 ig— . ("1 General inward heat flux
. ' ;z: @ Convective heat flux
gg: Go=Hh (Tex-T)
Housing & <10f A jg: Heat transfer coefficient:
Q=2 0| HHFA L} 2 e h h_conv W/(m?K)
22: External temperature:
25'] Tawr T amb K
fg— (1 Owerall heat transfer rate
12: _ _ﬂ
2'_”7 | ir_G = -_|. | ] qn - A



Thermal Analysis

<Heat Transfer Physics setting>

QO A4t T
| | * |_
Pl in
> t P Xud
—9 = Sy
5 —I—P Xu i@ Fme
1 it |
T} B —P Xs
P Xsd
modified bouc-wen(mr dampe

outiintog

dcomsol heat
Fl 1 L A 1 o] o = =] o
¥simulink®lA I ins matlab2 = =dT

t raw = out.I in log.time;

I raw = out.I in log.signals.values;

I raw = double{I raw);
I norm = sgueeze(l raw);
t =t raw(:);

*Rms current

T = t(end) - t{1);
Irms_norm = sqri{trapz{t, I norm.”*2) / T);
%= molM physics@r 7HE BT EEj9| 1=

I target max = 1.0,

G = I target max / Imax_norm;
¥Irms phys £

Irms_phys = G * Irms_norm;
R coil = 5; %[ohm]

P avg = Irms_phys*2 * R coil;

48

scaling

Q0 F_avg / V_coil

W coil pi*(r_co2 - r_ci*2)*L_coil

1. Simulink?| to workspaceZ I_in &=

2. MatlabOl M |_rms2t P_avg Al 4t

P_avg = I_rms”2*R_coil

3. Comsol parameteOf| A QOA| At
. Q0 = P_avg / V_coil

4. Coil Region0i| Heat SourceZ QO CH &




<Mesh setting>

4 /S5 Mesh
8 Size

4 B Free Triangular |
A8 Size 2

4 {5 Free Triangular 2
A8 Size

Thermal Analysis

Element type: | All elements - Element type: | All glements

Triangular elements: 34318 Quadrilateral elements: 661

Edge elements: 1514 Edge elermnents: 310

Vertex elements: 12 Vertex elements: 12
Domain element statistics DIl B €1 15 028

Mumber of elements: 34318 Mumber of elements. 661

Minimum element quality: 0.5386 Sl o) e T L E (riees 23

Average element quality: 09807 AWEELDEIEETL T ENYE B

Element area ratio: 9.121E-4 Element area ratio: 0.02476
Mesh area: 1684 mm? Mesh area: 1684 mm?*
Maximum growth rate: 2734 Maximum growth rate: 317
Average growth rate: 1.109 LT g T [T L25E

*odd 24 AL O] ®

- MR damper geometryZt =31 §F2 gap2 2 0|01 &2t 0| O ¢HE A
- Element quality

. Free Triangular mesh= 0.981, Free Quad mesh& 0.7892 2 19% X} O
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Thermal Analysis

<MR damper Mesh setting>

4 g -

Active i &
fon | | 1 .
2 H -
Active | 5 0o ¥
Element Size ’
4 /A Mesh 1 Calibrate for:
= O General nhysics -
-':%‘-i slze e Element Size
F % Freo Triangular 1 () Predefined | MNormal |
Ak cize 2 @ Custom Calibrate for:
mme _ General physics -
4 (54 Free Triangular 2 v Element Size Parameters
Al Qize @ Predefined | Mormal -
s Maximum element size: (71 Custom
0.2 ailay!

Minimum element size:

0.03 mm
* Coil, MR fluid gap : £& ¢ mesh
- @ 2ddt 4% 25 7|27t S EE 79
- 59| &2 mr fluid gapOfl =& 5702 47t FH S22 = EXoH7| 2ol maximum element size X| 8




Thermal Analysis

<Result>

4 :@, Results
4 Data Sets

& Study 1/Solution 1 Gof7)
& Revolution 20 1

«L~ Views
4 235 Derived Values 30047
Max Surface Maximum 1
w Surface Average 1
Max Aolume Maximum 2
Tables
4 iiT_emperature, 3D (ht)

Temperature (K]

51

W sfeady State
s Yrdite @ = 12 wire 2

F[ﬂ“ = &Cﬂﬂu’

i "'.:'-" - T-I '-"'-f-"-'f-é_
A i

Reow = I Acurf [Tﬁﬂ'ﬂ""é-_'__&ﬂ)

F -
ﬁTTﬂr&ﬂ = il
h A
Peail = Ir'pmg,n‘ x R = 5

h = 20 Cw/n/K]

Bourt = [l-mrL_ = 1T Ln_al[ﬁﬂﬂﬂ%:‘

1
o0 0106

a -
pH‘ﬂp tpottom =2TU0 = 10 025 )
0.028 ™

=

C e pagtel = poolrd

~ b
(o.0|24) (a0
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Thermal Analysis

<Result>
Tem rature Hemfsec@ 1 A =2447 (>550)
F}E I:'.l{‘.l 20cmfsec @0 A <667 (<150)
AO02.07 =34.86°C < Operating Temperature, °C (°F) 71(160) max >
4 @, Results
4 i [Data Sets
& Study 1/Solution 1 Gof7)
& Revelution 20 1
L= Views
4 22 Derived Values . .
Max Surface Maximum 1 * Coll Reglongl -;F'I EH %E
" Surface Average | - 34.86°C 2 MR dampe2] datasheetOf| A= 518 22 71°CELL S23| {0t €A
Max Aolume Maximum 2 R
Tables orgd 2te
4 @ Temperature, 3D (ht)
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Thermal Analysis

<Result>

Temperature Contour Plot
: €2 ZEOM EASI0] 202t 5t Aoz ML H, offT
A O FOf| 23 MAHE= MEHASOE EHE & LrEHS.

Temperautre maximu= 308K, Surface Minimum : 306.3KS = H|uA

olOtst 20 ZAF o> A|AHIO| O HE OFX K

—_ - L L —_— ] —

4 :@, Results
4 Data Sets
& Study 1/Solution 1 Gof7)
& Revolution 20 1
«L~ Views
4 &3: Derived Values
Max Surface Maximum 1
w Surface Average 1
Max Aolume Maximum 2
Tables

4 \@ Temperature, 3D (ht)

[y ]‘z:-g E E Ci

Surface: Temperature (K)

. N

A 308.01
308
I 307.8
1 307.6
1 307.4

1 307.2

4 307

306.8

306.6

306.4

¥ 306.33




<Result>

Surface: Temperature (KJ

A 326,59
I 326.5
326
1 325.5

1 325

1 324.5

1 324

323.5

z 323

¥ 322,81

(1) | in = 1.5A

Thermal Analysis

Surface: Temperature (K

A 341.3

I 341
340.5

1 340
1 338.5
1 339
1 338.5
1 338

1 337.5

337
336.5

336
¥ 335.87

(1) I in = 1.8A

54

« Maximum Safe Operating Current

Analysis for MR damper

1 25 = 9F 341 3K
= o8 =& HIZ Ofch

> 1.8ATHX| = QFRBIH S 7Hs, 1.5A
O[30 A= EFAIZH LFHO| & AX ZR|7}




Magnetic Analysis

Magnetic
Analysis
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Magnetic Analysis

<MR damper GeomEtry SEtting> Version1 / version2 -> Z1} H 0| X|0f| QS

ng
ot
—t—
1=
|
ol
ne

<Material setting>

<Magnetic Field Physics setting>

» External Current Density

External current density:

4 | Magnetic Fields ()
=B Ampére's Law 1 0

r

o )
n:_] Auial symmetry | J.  M_turn * |_max /(W _coil*L_coil) phi| Asm?2
— Magnetic Insulation 1 0 -
=B Initial Values 1
Add contribution of the external current density to the losses

@ External Current Density 1
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<Mesh setting>

Magnetic Analysis

0.17
a /5 Mesh 1
 Si 0.09™
Auf Slze
Aug Size 1 o
Ang Size 2 -
g Size 3
| 0.067
&4 Free Triangular 1
| 0.05” S I
0.047] ,ﬁ i
: B
0.037] s P i
0.027] K] i
8 i Mqut SEotL, 7] FE2 AL meshE ALE . . _
0] L i
o~ sl
0.027] =0 i
10,02 0 0.02 0.04 |
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Magnetic Analysis

Contour: Magnetic flux density norm (T) =
Dl_ 1 1 ] 1 1 1 1 1 1 ] 1 1 1 ] 1 1 1 ID I I:II]_ | ! ! ! _
' 013
0.09] i 0.09 | R 4 = 0,12
- o\ = 012 - =7| 242 21t
| ' 0.08 | A - N _
0.07H - | - s 0,11
i 0.07} 1 oot 1. Flux lineO| 2 0{-3}RAS S8}l &l 2EZE
1 ' e{ 0.1 Sl g o - o
| e SMBIE| B> X1I|S| 27 HAEX %S
0.04° f — | 008 2. Magnetic flux density?} MR fluid gap®ll #{2]
| i 0.05 F L -
| AT o0 MR %3
0.027] i 0.04 s 4 Fq 007 . > o .
| | o -> MR fluid gapO®l 0.019T2| OFF &2 flux density
0.017] - L 0,
: : 0.03}F —_ -
N i o 0.06 -> MR damper 75."55 Z7|"5
| _ i x
-0.017 i 0.02 - | 7 109
. | e 0,04
-0.027] =0 - ) —
~ ooz o ooz bos | 0.01F 1 = 0.04
S B (0,03
ol == ﬁf 1 1
. . S / s 002
Magnetic flux density norm (T, P o
0,01} I _ .
0012700 N — MR fluid gap 0| A 2] flux density(T)
0.021 ] ] I | U 0
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Magnetic Analysis

il == N R T A g
| | | | |
_ 2|
0.1
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0,07 ]
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0,057
0.04
0,037
0,027
0,01
| |y
_ ™N
]
-0,017]
-0.027] o
| | ! | | |
0,02 0 0,02 0,04

Magnetic flux density norm (T),
020557

Contour: Magnetic vector potential, phi component (Wh/m)
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e 5,14

s ] 28
.51
s ] 35
el 4,09
g 3.82
1 3.56
1 3.3
41 3.03
1 2,77
41 2.5
1 2.24
41 1.98
e 1,71
e 1,45
s 1,19
mm 0,92
m 056
0,4

mm 013

2

1. At Fo7F FetolA Hel =&t 325 g4
-> Core — &f 5 Yoke — Housing — o}%F Yoke -
CoreZ O|0{X|= &2tM ot X}7| 3|22 ¥

2. MR fluid gap =X 2| B-field 74

-> gap S EF X[F0|A 0.206T2| flux density
-> ™ model 2Lt 2F 984% S7}ot 21}

-> RD-8040 damper0| A MR gap At 229
SEQ 03T RArSH &L E=

MR fluid gap G A 2] flux density(T)




Magnetic Analysis

- 92 A1 : Gap W F B-field2| H| =4

= O
- Yoke E7IZ XH&2 ZIFSFACLE MR gap YL XH0| W1 end-effect?t X|HIE, -> 2USH XH£0] WA E|X| 2L,

- F8 otH1E2 : MR Gap L B-field7| 4| S & CiH| R

- 2} 0.019T0 M Yoke F7t2 0.206T7HX| S7totFA 2L, & MR damper?t S #Z St= 0.3T-0.5T &0 X0[F

. F2 SHA| 21211 : COMSOL 5.2°] Coil Modeling H| €t
- Multi-turn coil 7| O|X|& -> external current density2 Tt A}

- AH| coil winding 1S HHUBIX| Rolf SR USHA A AL JHsA =X

- F82 otA4|E2 : Geometry thx2l2 Qlot REHS| XX THA|
- @ ofj Mt Hel Xp7|E ol A2 vector fieldO| 7| IfZ0]| 2D 2H 0| M =F Bt geometry?} T8 M = Flux path XHA|7F FEE
o

. [F2kA sharp corner, gapl| &7 S0 2 &= Zor A1 50| Bo| =,
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Flow Analysis

Flow
Analysis
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<Geometry setting>

A Geometry 7
—l| Rectangle 1 i)
Form Union (fin)

Bt= n(B)t= ﬂ'ﬁ{"y} t= F(Ap)1

.."i"'..j] — fl:li-l'-:. E:';I--u h: L-. T],I}

Flow Analysis

0.02
CI.CIIE__
D.Dlﬁ__
D.Dl-’-l__
G.DlE__

D.Dl__
D.DDE__
CI.CICIE__

0.004

0.002

1 I 1 1 1 1
0.005
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« Rectangle : MR fluid gap
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Flow Analysis

<Material setting>

Reference: Khedkar et al., Modeling and Simulation of MR
Damper Using COMSOL (2012)
Label: muB

o Table 2: Effect of Magnetic Field on Dynamic
 Definition

Viscosity
Diata source: Local table - Magnetic | Dyvnamic
Function name:  muB Field in | Viscosity in
AT ens Gans: ti Poi
4 () Global Definitions " £t ‘  nam ;[-tt: —
Pi Parameters 0 6.65 100 2340
r.".:_! mMug ;’mﬂﬂj 100 8.34 ]
. 250 12.01 250 12010
= Materials 00 oas
' ' 550 16000
4 &la Component 1 fcomp ) 750 26.52 — 2050
= Definitions Uidl =0 i
LA Ly,
4 A Geometry 1000 22700
I Rectangle 1 7)
1 Form Union #in)
4 S2t Materials "
2 MR fluid fmat?) Froperty Mame  Value Unit
? . ) 3 =
e Denalt}r. - rho 245 kg/m o Ekél '_I'I'g hcll-k_!
[ Dynamic viscosity miu mMuB(E ... Pas
- Dynamic Viscosity : At7|Z0f| mhef I A #gt
- muB table function ++-&
. 2= (B) — =8 (Dynamic Viscosity)
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Flow Analysis

<Flow Physics setting>

Mavier — Steokes Ec[umﬂﬂﬂ

af‘{ — — g
P(-_+ LL-VL{) = -—‘GTP 4+ AT W
ot
4 = Laminar Flow 5of

o Fluid Properties
o |nitial Values 1
= Axial Symmetry | S. =W+ AM(B) T2 =0
= Wall 1
= Inlet 1
E' Outlet 1 0,027 i T ol

0.0187 |

0,016 :

.-—I"- 0.0147] :
{-’L p— I:::I 0.0127] :

0,017 |

o.0087| |

0,008 :

0.0047] |

0,002 :

=t — .
0 0,005 0,01 0,015 0,02
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Flow Analysis

<Flow Physics setting>

o
Fressure:; i
) Po O -
4 = Laminar Flow 5of I
o Fluid Properties
=@ [nitial Valuss |
= Axial Symmetry | Pressure: -
O
— Wall 1 Po 1000 u
= Inlet 1 I
= Cutlet 1 0 '0.005 0.01 0.015 0.02

Ap = Pout —pin = 1000 fa
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<Mesh setting>

£ Mesh 1
~do Study

Flow Analysis

Element size: Element size:
Extra fine Finer
Ciomain element statistics Ciomain element statistics
Mumber of elermnents: 262828 Mumber of elements: 08138
Minimum element guality: 0.05033 Minimum element quality:. 03424
@EFEQE' element quality: E.BTDE> @age element quality:  0.9097 >

Element area ratio: 0.004625 Element area ratio: 0.0342

Mesh area: 2.0E-5 m? Mesh area: 2 0E-5 m?
Maximum growth rate: 4332 Maximum growth rate: 23009

Average growth rate: 1.381 Average growth rate; 1.264
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Flow Analysis

<Result>

(1) B_param = 0¥ [l MR fluid2| Velocity (2) B_param = 1000 Il MR fluid2| Velocity

B param(l)=0 Surface: Velocity magnitude (m/s) e B_param(6)=1000 Surface: Velocity magnitude (m/s) o
I:III:IE i | | | | | | I | I | | ‘ DIDEQB I:III:IE i 1 1 | | | I I | | | | ‘ I:IIDSEE
° u o L~
0.018 F . 0.018 - 0.05 ° MR ﬂUld gap I"I'I'I' 'IT% %gEH7I'
=2 e}
0.016 | 4 0.05 0.016 F - 0.045 = HI'E}" xH?_:I
= A
0.014 } 1 0014l ] 0.04 -> 3%|'O| 7|—7é|' HH|—§__I|_ IZ—I:!EE I7E|-_|_§
[ 0.0 {0035 =71 02l Poiseuille flow S EH.
0.012 + 4 0,012+ -
- 4 0.03
= _ 0.01F -
0.01 | 003 R o] =7loltH = ZEA
0.025 « B_paramO| §7|o}H £x ZI4
0.008 A 0.008 _
| o -> LEZ9| colorbarg EH £ X9
L 4 0.02
B _ 0.008 -
X|cHZEO] 0.05222 2% 9| 0.05981t
0.004r I | N s HWslH S M O &= S 50| =24,
0.002 + | 0.002 - _ 0.005
0
OF | | | | | | | | | |_":' ’ or l l l l l l l l l |_":'

0.002 0004 0006 0008 0.0l 0.0l? 0.0l4 0.0l16 O0.0l8 0.02 0.002 0004 0006 0008 001 0012 0014 0016 0018 0,02
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Flow Analysis

<Result>
E_param Velocity magnitude (m/s)
O 0000 (00593800 . Step 1
100.00 |0.029275
— 25000 100581 65 : B paramO| I} velocity, P_in, P_out extraction
o Data Sets 500.00 |0.055775
4 e I%fgﬁfh;ﬁﬂéﬁuﬂmm Fo0.00 0053826
wex Volume Maximum 3 1000.0 |0.022161
« pou
. (&9 Global Eaation 2 B_param Pressure (Fa) E_param Pressure (Pa)
0.0000 (465.37 0000 |533.93
TO0.00 |457.00 10000 24210
220,00 |439.60 22000 559208
S00.00 (404 90 0000 (293 .54
Fo0.00 377.84 o000 [620.32
1000.0 |355.417 10000 [b42.56
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0.0

0.039

0.058 |

o
o
Ln
=

(m/s)

V_max

0.054

0.033 [

0.052

<Result>

: Matlab2 2 graph &5

Step 2

Velocity Magnitude vs Magnetic Field (B_param)

g
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e00
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700
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1000
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Flow Analysis

» X21F St et
75 44 -> ¥E Zol 371 -> AAE S71et= it dgs =g
- | Plresmllre Dlrnpvls Ma:gnetilc Fie!d | a}”“'a. IDan'llping Flnrneulvs Maglnetic:llfieldl |
250 [
200
150 [
100
EDD ‘1IIII-D ztlm 3IIII-D 4tlm E-IIII-D EIIIHII- ?Elbu BOO Qtlbu 1000 10 ‘IEIFD EEI*D 3EIFD 4EIFD EEIFD EE‘FD TE‘FD BEIFD EEIFD 1000

B param (mT)
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Conclusion

MATLAB/SIMULINK &
- Passive, General Bouc-Wen, Modified Bouc-Wen A| 2 R & HX Xt&F st 241 7|8 MR damper 582 & X g
- = Ms XEE XHE Q/R XS Ats EMGIE LQR A EEMA =

- _I —
L CHYSH O 3 RAOA YRE MS A kol

> LQR 7|5 FO= MR T MAHMO| 34 45 XIEES CHYS E2 YROIME LBEH S4A7|E

Aoz =HolE.

COMSOL E&

- & M . MR damper?| €& 2t 20l

- AZ[E S A 2l2ol Fd HALE A8 /2N M0 Eatt X[E =20

- 73 oA A7 B WHeUt a8 FSIHE 0|0 X[= MR damperl| S ® 2| =0

=1

> Sc|HMo 2 Eigets Hln, XMz} 8 Ao Hue|E HE0| 7IsTt damper U= E Y.
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