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Key Message

EMB REIo| 1S =1

Hal2! 22| 8%

SAPH440(XISA} 78 B2t it ZTH)2 =2 8XIE
E10510] FEAO| 28

>> E = 210GPa, v=0.3, p=7850kg/m?

47 | = X XpzF(ALHEF 8M|CH) 2| Quarter car model<)
2000rpme = FlsH= Hes 24

>> W = 2*1*2*RPM/60 = 418.9rad/s
>> Fi o = M*A*w? = 4036N
>>Farter = Fiotal /4 = TOO9N = T000N
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EMB REIo| 1S =mj2

¥ Force

Load type:

Total force

0
Fiot 0

-1000

AZ= XXlotk= F20IM =20] HEol= A= =4, shid #|X[0] 70
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EmMB REIO| 119 FH}~

SaeMd4ds .. 15 30 540.66

EH2[iZ] X[ Bl B 0] 7o K| H
OF2E7} HM[Ch=Z 2SoHX| Xot7| IhEof|
BefZl2 DRR2E(1F)SE XIXlok= Sl
0=|o|-2 'c')'HOl: ot

Eigenfrequency=540.66 Surface: Total displacement (m)

Do
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oA 2XI0| Lo{L}H OF=IC}, ol Qﬂ \
>> 224 12, 9 2.5~342] OFxlg s
=11 MA|0f| £ : 0 y -
y T/'x = P 0705
>> 8liEt 2M2 500Hz ~ 600HZ2) T
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>>C=(*2*sqrt(K*m¢) = 1515.4
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EmMB REIO| 119 FH}~

28 45 17 F0+7.5778+1.1476i

A5 = S0 H|(nof] 2kt A of sl (471, 600rpm)
>> 1:eng.min/ \/z > 1:eig
>> 20//2 (=14.14) > 7.57782 & 235t

>> o5 = TS| Hol Fekd S LIEHN =0, 2] =X
8% £S0| A2El= A4S QilosiE =2 fF=ot Z40]Ct

>> [[f2tA] LBFXOI spring-damper 2212 0|29t ZIE
a2 FMO 2 A= &gl AutE 2Rt

—_ |

Eigenfrequency=7.5778+1.1476i

0T |

0.05 |

Surface: Total displacement (m)
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EmMB REIO| 119 FH}~

28 45 17 F0+7.5778+1.1476i

>> Ciat =7t 0L S7(0]l, shaking@} 22 2|240f| Ch4a
FlofoliXl= THEO| LS, (AH| AFS FI= 10~12)

HIR¥-ES BiEe = Sl TR0l Z]elstr}

uve

Initial Values

Material Models » | I Linear Elastic Material

Volume Forces » | I Piezoelectric Material

Mass, Spring, and Damper » | I External Stress-Strain Relation

Domain Constraints » | = Rigid Domain
<COMSOL academic liscense>

Initial Values ;

Material Models [::\ » | I=® Linear Elastic Material

Velume Forces b » U= Nonlinear Elastic Material

Mass, Spring, and Damper » = Hyperelastic Material

Domain Constraints » | I Piezoelectric Material

More » | I Magnetostrictive Material

Free | I= Cam-Clay Material

Boundary Load B External Stress-Strain Relation

Fixed Constraint = Rigid Domrsia

<COMSOL normal liscense>
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[IMATLAB & Simulink] Quarter - car model

out CarEngineDisplacement

Engine move
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EMB Spring/Damper2 —‘

Car-Engine displacement D - * g
L
Car move 3+ -
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B P e L —B{F1 d1 3 d1 : . F1f—®{F1  dl ——3—3®{d1
Plat ground 1 N | | .
—w d2 ’ —» d2 F2 » — d2
Tire Spring1 Tire mass Suspension Spring/Damper car mass
bump bumper i
(t=15) On /O aut MountReaction Force

v I

C] TR

Ll
road surface x
C] + fl— 2000

RPM

RPM Scope :]

=

» RPM

+2000

[

F1fp——®{F1
d1
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engine mass
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F_amp
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[Analysis] Rubbermodel

Hyperelasticity (XEHY)

Viscoelasticity (HEH

Dynamic Stiffness (S5 43

W=Z

H

A,

N
oy , T K; 2
+}L21+)L31—3)+ZE(]3—1)M
=1

[~

G, K = Cegy

Kg=f-K;
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[Analysis] Rubber model

ey, lAUvkEES] AE Fupfo o§ mFe £3 o] WA oz BHE
ek, ol gk A9 BH AL v 2o gHAC

J;E.-_'.lr =T f '&3 {25]

o 7|M, By & kv AT FH ZFAA AFH AEE G, £ Al Ase dA
12~1622 FofAY or7lME olfEe 1Fe 248 THE &9 148 FolH

350 —— Analysis
— == lesign Spec.

300
& 250 Vi
! /
a 200 -
Lo
E 150 | Kl

P
100 oo

0 2 4 6 8 10 12 14
DISPLACEMENT [mm]

(a) B-type engine mount

initial optimized
lal B~lype engine mount

Z1Z. (1998).AtSAt AZIOR2EE 1120f Lot HY S 4 A0t g af 2% 47

K static

K dynamic — I Kstatic

= K 1 (2AR)

(F - ZA7)
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[Analysis] Rubber model

ey, lAUvkEES] AE Fupfo o§ mFe £3 o] WA oz BHE
ek, ol gk A9 BH AL v 2o gHAC

J!IE.-_'.lr =T f '&3 {25]

o 7|M, By & kv AT FH ZFAA AFH AEE G, £ Al Ase dA
12~1622 FofAY or7lME olfEe 1Fe 248 THE &9 148 FolH

350 —— Analysis
— == lesign Spec.

300
& 250 Vi
! /
a 200 -
[H
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a"“"""
100 F
50
'I} IIIIIIIIIIIII

0 2 4 6 8 10 12 14
DISPLACEMENT [mm]

(a) B-type engine mount

initial optimized
lal B~lype engine mount

Z1Z. (1998).AtSAt AZIOR2EE 1120f Lot HY S 4 A0t g af 2% 47
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[MATLAB & Simulink] equivalence Rubber model

K dynamic — [ Kstatic  (f: 2487

CeffZZ'Z'VKeq'M

d1 F1

d2 F2

> Au preta*2*sqrt(K_dynamic*mE)

At

é
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[MATLAB & Simulink] Engine Viberation

RPM

u*(2*pi) / 60

RPM2wE

T2 4 AlEY0lM

=

4cycle

2,

.‘:; 5 X b sin

P

(1/2)* m_un®l_st*(u)*2

wEZ2Fz

) Famp:2

Fomp © sin(wt)

My, - lst
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[MATLAB & Simulink] 2x|ed Al 2

'l-.l.-l'

—= +
- .
Plat ground :"* |

bump bumper
(t = 135) On / Off

v_
]

road surface

Road surface
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[MATLAB & Simulink] &)

Ed
=1

o9

aAoOW Je)

9AOW duisuj]

Car move — Engine move

dispma = 0.85mm
RPM = 2000
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[MATLAB & Simulink] %[5 Agt 2

Input : hyymp = 100mm

Output : disp = 0.85mm

disp
TRpymp = T ~ 0.0085 < 0.1

TR_bump &2 TR(AUZE! T S- XN ES)2U0t 25 A2 =2 B

Car move — Engine move

diSpma, = 0.85mm
RPM = 2000
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[MATLAB & Simulink] =X} Al £

1x

fn.comsor = 7.58Hz

1 (K,
fn.anaysis == |—/—=7.77Hz

21T | M
T[N E

f n.simulation — 8.33Hz

Suspension — error : 14%

Frequency Response Analysis

TR vs RPM (=27 9H

1.4 T i . .

1.2 -
T 1f :
=
<
2 08 :
c
— X 600
= Y 0.580746
=ik ) _
-
©
i
H 0.4 7

0.2 .

D i i i i i i i
0 00 1000 1500 2000 2900 3000 3500 4000
Engine RFM
Predicted HNatural Frequency (Theoretical): T7.77 Hz

Measured Resonance Frequency (from Simulation): 5.3333 H=z
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[MATLAB & Simulink] Zx} Ale £

TR

F mount

engine

~ 0.58 >> 0.1

Frequency Response Analysis

TR vs RPM (=27 9H

1.4 T i . .

1.2 -
T 1f :
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c
— X 600
= Y 0.580746
=ik ) _
-
©
i
H 0.4 7

0.2 .

D i i i i i i i
0 00 1000 1500 2000 2900 3000 3500 4000
Engine RFM
Predicted HNatural Frequency (Theoretical): T7.77 Hz

Measured Resonance Frequency (from Simulation): 5.3333 H=z
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[MATLAB & Simulink] Trade-off (TR - disp)

VR =Y (K)HRME TR 4 He}

600rpm (idle)

¥ 2. k1 2 oME HE| HE

K _dynamic_min = 5880;
K _dynamic_max = 2028080;
num_scenarios = 108;
for = = l:num_scenarios

K _dynamic = K _dynamic_list(s);
C eff = zeta * 2 * =sqrt(K _dynamic * mE);

% --- A. TR s@e RPM M| & (FIZ 24|y ----
current_rpm_wvalue = idle rpm;

simQut = sim{model wvibe, "StopTime’', num2str{sim_time wvibe));
reactionforce values = simOut.MountReactionForce;

stable start _index = floor(®.8 * length{reactionforce wvalues));
max_amp = max(abs({reactionforce values(stable start index:end)));

TR _at E@@RPM(s) = max_amp / F_amp_ target;

0.5

0.45

0.4

0.35

0.3

0.25

TR

0.2

0.15

0.1

0.05

K dynamic 2 & (| [} TR 2 2H{B600RPM)

BU

80

100

120

140

Mount Stiffness K dynamic (kN/m)

160

180

200
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[MATLAB & Simulink] Trade-off (TR - disp)

NF =Y (K)HHE disp 4 He}

2000rpm (driving)

¥ 2. k1 2 oME HE| HE

K _dynamic_min = 5880;
K _dynamic_max = 2028080;
num_scenarios = 108;
for = = l:num_scenarios

K _dynamic = K _dynamic_list(s);
C eff = zeta * 2 * =sqrt(K _dynamic * mE);

% -~ B. YRS ET ZA (max HEY A -
= K

K_static
simBump = sim{model bump, 'StopTime’', num2str{sim_time bump));
¥ relative = simBump.CarEngineDisplacement;

MaxDisp results{s) = max({abs(¥Y_relative));

25

[
-

—
Lh

Max Relative Displacement {mm)
=

LN

K static ZH& 0l 2 Z0H HE HP| (LX) E

ol

K static (kN/m)

100

150
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[MATLAB & SiImulink] Trade-off (TR - disp)

Trade — of f

situation 14/300: K dynamic = 13478.260% N/m
TR in &00RPHM = 0.09 | Max Disp = 9.71 mm
situation 15/300: E dynamic = 14130.4348 N/m
TE in &QO0RPHM = 0.10 | HMax Disp = 9.32 mm
situation 16/300: K dynamic = 14782.6087 N/m
TE in &eQ0O0RPM = 0.10 | Max Disp = S9.08 mm
situation 17/300: K dynamic = 15434.7826 N/m
TE in eQ0RPM = 0.10 | Max Disp = E.67 mm
situation 18/300: K dynamic = 16086.9565 N/m
TR in &00RPH = 0.10 | Max Disp = 8.45 mm
situation 15/300: K dynamic = 1673%9.1304 N/m
TE in &Q00RPM = 0.10 | Max Disp = 5.15 mm
situation 20/300: K dynamic = 17391.3043 N/m
TE in &00RPM = 0.11 | Max Disp = T.E87T mm

0.6

0.5

=
N

TR (600 RPM)
=
L=l

<
M

0.1

K24 HEHH THE Trade-off

TR (NVH)
Max Disp (R&H)

25

15

10

20 40 60 B0O 100 120 140 160

K (kN/m)

K < 16800N/m - TR < 0.1

Max Relative Displacement {mm)




K, = 16800 N/m £ XA = A
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[MATLAB & SImulink] Redesign (£X|Ed)

| rl I|I .i'r o e ey ey Ty e T P g P

Input : hpym, = 100mm I

Output : disp = 8.08mm

disp
0.08 < 0.1

hbump SpeedBump Engine-Car displacement (from Simulation): £.08 mm

2

I'R bump
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TR vs RPM (== && K&X)

=l

[MATLAB & Simulink] Redesign (K*h
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TR vs RPM (=&& Ka})

=l

[MATLAB & Simulink] Redesign (K*h
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=
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I

TR {Output / Input Amp)

=
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i

K; = 16800 N/m < (&HIZH

X 600 -
Y 0.10467

=
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[Error check] ¢ S=aPHA 2x| B

03 | Key Message

=2 79 AlZ30|M Z|Chet == 7|4t S 8X|E ArEol7]| 26l
Z2|H|E R0l 2= B¢

Pl

e

[Analysis] Rubber model

a8y, AMokEES Z$ Fupol o¢ nRe A 7ol @ wrkm w0l

Qlc) ol2sk AL r:_au AN The o) FaaAC ;%E_?_I-gl -6-I-I|DI_I- -OLH I:OI- -|C->|-E J_l"|-§;'c2| :AI-II:
A T CIY¢ 8T T odw © E L AR RS Z << 1 ()El [[HDI_I_ I__II%ED_I

kd T f ks (25]
1.4

\h
I

A7IM, ky & k= AF FAH B BA FPE dElRn, fE Asold AsE dA
1.2~1622 FojAo, q7|M& olEL 1T E§4E TAHAR 3o 142 FRY. = J1 +712

| n = 0.98 SpX| 2k

350 Analysis

S i o 1. ol Ao[A Z4[H|= 0.49
-l Ky S ¢~ ——=0.49 2. HAO| B0 &= 172t Z4[H] 0.3
" s 0|22 8 2Ah= SHEZX| 4Tt T

(a) B-type engine mount
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[Error check] ¢ Sz aHo|A 25| LAl

Key Message
T2 Al AlS2|o]M

[Analysis] Rubber model

28y, Aok EES 9 Fufd gt LF FA FAdo] wizslx frm M3 E o

gt oY B FH ZAHE v Zo) xPA
ky=f &k (25)

A7IM, ky & k= AR FH BEH AR AEE Jdep R, fE Aot A did

12~162.8 FoAY, o7]M = vlFEL 172 g4 THR 39 142 FojiH.

400

350

OAD [Xgf]

5 % o
< o o

|

|

2

2

|

¥

\\\

0 2 4 6 g8 10 12 14 . e
initial optimized

DISPLACEMENT [mm]

(a) B~lype engine mount

(a) B-type engine mount

@ >N P

1.4

f= Vit

n=0.98

\h
I

0.98
— =0.49

22

Moz QI O E0]|
AEEl= 179 44lH|=

¢ = 0.1~0.3

{ =0.12 71

g &1 == =284

(Kstatic =1701 OON/m)E
ChA| FSHoHE
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T2 4 AlEY0lM

[Error check] =& =1} CI= A (AT £A))

TR {OQutput / Input Amp)

Ll
y

Ll
T

i
n

MJ
T

=i
Ln
T

—

=
Ly

~— |

X 600

Y 0.2347 32

200

1000

1500 2000 2500 3000 3500
Engine RPM

4000

TR = 0.234= 0.1HC = & 5+ U=,

TR [ Z0|2{H Zt4|H|Z Z0J0} SH=C,
7| & YRkl Xl Of2ES| RO

—_ 1 = L L

=31} BO{LEA E.

07|M, ==0IA At &l 02 E7} X|X[oh=
AZIo] ECt FAH= A0[2k= olef= oAl E

= CH XHEFe| dllxlol2ta 7
me = 300Kkg
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[MATLAB & SImulink] Redesign_final (E4X|Ed)

Input : hyymp = 100mm

Output : disp = 2.32mm

disp
0.023 < 0.1

2

I'R bump — hbump

SspeedBump Engine-Car displacement (from Simulation): 2.32 mm
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[MATLAB & SImulink] Redesign_final (&%}

}ﬁnount

TR = = 0.097 < 0.1

F, engine

TR vs RPM (==& & Kail)

=4
N

TR (Output / Input Amp)
oD =
N o0 —a [+

=
Y

X 600
Y 0.097/6229

—
P

"\'—'—'""'-'—'———u-—-—..—_u_n_

ol 1000 1500

2000 2500 JU00 3500 4000

Engine RPM

Predicted Natural Fregquency
Measured Resonance Frequency

(Theoretical): 4.4841 H=
(from Simulation): &6.6667 H=

7 Forerror — Suspension
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[MATLAB & Simulink] Redesign_final (trade-off)

situation 27/50: K static = 163877.551 N/m
TR in e00ORPM = 0.09 | Max Disp = 2.25 mm
situation 28/50: K static = 169795.9184 M/ m
TR in eDORPM = 0.10 | Max Disp = 2.16 mm
situation 2%/50: K static = 175714.2857 N/m
TR in e00ORPHM = 0,10 | Max Disp = 2.10 mm
situation 30/50: K static = 181632.6531 M/ m
TR in &00ORPM = 0.10 | Max Disp = 2.02 mm
situation 31/50: K static = 187551.0204 M/ m
TR in &00ORPHM = 0,11 | HMax Disp = 1.5%c mm
situation 32/50: K static = 193469.3878 N/m
TR in e00ORPHM = 0,11 | HMax Disp = 1.593 mm

0.18

0.16

0.14

0.12

(600 RPM)
=

R
=
(=
oo

0.06

0.04

0.02

K& HASH [ Trade-off

TR (MWH)
Max Disp (R&H)

-

i
()

i
()

i i i

ol 100

150 200 250 JU0

K (kN/m)

350 400 450

Max Relative Displacement {mm)
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22 gl gl

28| 2xe] @K}l 5 otAlE

- X SROl| t2f AEEl= 178 S XI7EAIO|LEN, Fetet 289X 7| olsiE

I O 1 L

- Al X[2ZFAIEI OFR2E A|ABI2 XA 374 O|AS| OFREJLAIXIC| 2H| SAS
BAIRE 2= SO E H[0]. A A|AHIC| 2EISt mode coupling= FAISIE 2 A1A| XF2F0| A

2diot= ST 4 2atlt XA L XXt g ikS 2HEOHK]| ZOIRILL

- A ZEYUM (= =7t OtL[e}, 2, HAS

I

=, TI=e0]| L) SESHA| H

7|Z=0 2 3k

- NE Al (G2 &2 Al (G")2 S44 el = H|MPXQl FeEtd S YOSHK| XSt

S7H01| A
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A+t 825

- L

- Piersol A. G., & Paez T. L. (2010). Harris’ shock and vibration handbook (6th ed.). McGraw-Hill
Education.

- Wang, X. (2010). Vehicle noise and vibration refinement. Woodhead Publishing.

- Rath, J. J., et al. (2021). Performance analysis of active suspension system for quarter car model
using PID and LQR controller. Materials Today: Proceedings (quarter car model 2} %)

- Ho1g. (1998).AtAf AIXIOR2EE 1120f Cfieh el £ offAu} 34 £ & A7, (= =4x &1)

2UITY. (2020).FHEE g4 12y AEIOL2E T4 KSAE

F=|

- The Engineer Ing ToolBox - Young 's Modulus for Rubbers nttps://www.engineeringtoolbox.com/young-modulus-d_417.html

- MatWeb - Natural Rubber Properties nttp:;//www.matweb.com/search/Datasheet.aspx?MatGUID=21464359489¢44549880500755513204

= 01_” E’ E’ g X'Ij:ll- glﬂ %EJ 5'https://istar0525.tistorv.com/32

- chﬂl' /lk 5” A-IOI Ol OH I I- J-_L’ l AE / I %I' II. https://www.youtube.com/watch?v=MAxwF87TEGM



https://www.engineeringtoolbox.com/young-modulus-d_417.html
http://www.matweb.com/search/DataSheet.aspx?MatGUID=21464359489c44549880500755513204
https://jstar0525.tistory.com/32
https://www.youtube.com/watch?v=MAxwF87TEGM
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