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Suspension Dynamic Performance Analysis

of Multi-axle Vehicles

Bo-Yi Lin

Abstract

The purpose of this study is to analyze the suspension dynamic performance of
multi-axle vehicles, and to investigate the effects of each vehicle parameter on the vehicle
dynamics. A generalized numerical model of multi-axle vehicles is developed using
MATLAB to simulate the vehicle dynamics of multi-axle vehicles and to observe the time
and frequency response. First, the basic properties of the vehicle suspension system are
analyzed. Then, the effect of axle numbers on suspension dynamic performance is
analyzed. It is found that when the number of axles increases, the wheelbase filtering
effect is more significant and the suspension dynamic performance is improved.
Moreover, the effects of vehicle parameters on the suspension dynamic performance of
multi-axle vehicles are analyzed and a generalized conclusion on the effects of suspension
parameter configurations and center of gravity position on vehicle dynamics is also
proposed. Finally, a method to optimize the suspension dynamic performance is proposed
to provide a basis for the design of the chassis of the multi-axle vehicle and to verify the
conclusions presented. According to the analysis of this study, the generalized properties

of multi-axle vehicle suspension dynamic performance is understood.

Key words: Multi-axle vehicle, Suspension dynamic performance, Vehicle model,

Vehicle dynamics, MATLAB
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Fod ERA#R
SR SRR AT 2 R AHE AR TRBR O TS S ] e
W21l EY S R E AT TR 2 B ARk e
B22 08 o Mg P Rl ] PR T - AT 2 nghird)
w23 )& o BfEEihEER A 2 (Y ] o

G240 HY o T ARG 2 D R BRI

2.1 & madk ks

Ay itz 2 Bamied) > HA AR Ay S MBS E_%« (International

Organization for Standardization, ISO)2. #_3 (ISO 8855:2011)[33] > 4- & 2-1 #77% o

Bl 2-1 1ISO 8855:2011 2. & #m A & & 5£[33]

(A
h
ETS

PR AT & RS S RS AR

1 AEXphL vdhmdfmi o T ENEG I ETNES b o
2. BBEYHIrhediec o BT ENKG I LENES S o

3. RHEZfiwiyeiEt o KT ERES S oo
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2.2 2 g FHI

0B RERLE > A A 2 B fmAdR ks F AT
2R P RN A AR A B BB R o S RS

Hitain+1BEFE > »% 5 F FHE(Sprung Mass, mg)% n Bz § T F £

(Unsprung Mass, mys) e B¢ » 1 FEI&d 2 & fhddd hnie

&
=t

FTEREMNALD B fh B ORP f g e .

221 v £ 2 - & #F]

w A& 2 - & #3](Quarter Car Model) 5 #-# §mff it 5 - R sz - pd RE

B 0 v S R A2 B RHCE 0 Ao 2-2 Hron e

mus

ke
[=

B 22 w Az - BT R RI[19]

SRR AERGN AP BB P 2 425" (Lagrange Equation) > I 42

P T RGK B4R A 2 - B R 2 F R qg s
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Lo ¥ Rm)s e phd feffd Bocf 1 FR2
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—
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o
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et
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2. ¥ FrE(mg)* % FR(my)s s K8 25 *‘F‘]' CRLR A
&

3. FRRNEHARLX S ewiE o

4 WP sEerh - Mk s TR A Y Gli(k) 2 B PR f(c)
R

5. Mhiaff it G- AR

=y
frt
B
T
o
Gl

3
ke
19
)
T

\
q T
N,
®
3P
=%
[rel
B

JAER TES & SEESTIENERS -3
6. MR G L BT BT 0 2 B 3 R -

7. x/%:{a! G TR A D 4 o HApeld ¥agar At o

%ﬁd TR T2 PR D S RN[35] R Figa @ e A2 - F 2
Ll Sl i A

d 0L 0L 0D
dtoa.  da =F, =12, .. 2-1
dt aql aq s aql qi’ l 1121 n ( )

BY b WA RERE AR BAEE CHPER g (5 kpd
Bezodpteons jStpd R2 3P > L5 89 p £ (Lagrangian) - D & 447 4

(Dissipation Function) » Fp, & R 5 16% 30 ksd if & Akt 2 h4 - iy p £

2 TS
L=T-V (2:2)
',ﬁ?ﬂ ’TI‘; /;2 Lﬁ?gh ’VF‘* /J “’U—?» ]%EL‘; ° \ /u\ﬁ" E} -r)?\‘?:u-ﬂé"; /5,:
n
1 2

T:EZmi”i (2-3)

i=1
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e omakM2FEoav i 2@ R oni dspd B2 8P o e 2 -

BHCAA T kA Z RIS FTEE TR oA Y R~ 5Y(23)

T—l 52 1 52

= =M Z5 + =MmysZss (2-4)
2 2

B omgEmy AN AT REEETHE 23 A E L TREZET

n
1
V=E§}J§ (2-5)
i=1
Ho oL oB% Alicr Z,5 B R o 8te A2 - BRGS0 Y 2 Y
TR R R R A R R(25) 0 RBle A2 - B i

3 WL
_1 2 1 2 (2_6)
V= Eks(zs - Zus) + Ekt(zus - Zr)
CRIYVRY NS TREAEE TR L SR E R T E R
Pz L EAF o HRBHESS T ERNELFIFEEBEIEF T FE S

()2 &6 HHOPRE 7 5 HRVRR S E T TR A (20) % B )2 B 0

(Zr)ii'f’ °
MR kAP 2 JEET ST d T A E R
n
1 2
D=) Few (=7

Hoe s afer Gl v s HE R - He Az - B A 0 AHRY 2R
AR o AR Y L R A SN(2-7) 0 Rlw A2 - B HCR 2 TS AT AT

D= lcs(z's — Zys) (2-8)
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He s s ARGl Aa HERTI P EF P FRERE)EE TR
B (Zys)2 £ A 7 o #38(2-4) ~ 34(2-6)% 35 (2-8)F » K9 p > A2 (2-1)8

TE H e sz - B R ER S AN e SN

MmgZs + k(25 — zy5) + c5(Zs — Zy5) = 0 (2-9)
mUSZUS - ks(Zs - Zus) - Cs(zs - Zus)
(2-10)
+ke(zys —2z,) =0
P EE S ARNNT A5 L ARG
[M][Z] + [C][z] + [K][z] = [F] (2-11)

B o [z]s R EREAEL [Z]2 [Z]A N5 R B RRELHBEF2Z - X% - X
i [M] 5 FREL  [Clir Gliced > [K] 5 i s » [F] 5 4 &

Lap v pul it 5o

7=, ] (2-12)

=[] (2-13)

=[5 ] (2-14)

[ ke kg +k (2-15)

[F] = [Zrokt] (2-16)

gt b2 EH 2 AR ;ﬁd AR Zpd B AR KRFEEE LR

oo FN(2-14)F [Cl=0p» 2 46|T5 IR 2 i d B & hodid
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AR WORE @S T A B AEst
[M1[Z] + [K][z] = O (2-17)
PR AR 2 fR G
z = Ze/Wt (2-18)
BN (2-18 )7 A N (2-17)18 » SRR T H - [iE b2 FE S A
([K] — w?[MDZ = (2-19)
Fla ki B Z #00 #&N(2-19)7 - H L s
[K] — w?[M] =0 (2-20)
N (2-20) Ffaie > PR A2 p R F w2 w0 BE 2 Srad/s - F#

HwmHzZ E 40 0 B3z p RIS 3

1
for = om (221)
1 2-22
fn2=§wn2 (2-22)
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222 & ghi ? 7]

% gL & 73] (Half Car Model) 7 #-2 dpff i* 5§ FE 2 wisph 7 F &
e fd REHHD o 4oB 23 rF o B e pd RANLEL FRELE
(Bounce) 2 i #r(Pitch) > w38 #s > 2 B fo b2 § T FRLE S e i F o 4B

2= BHCAIG T 05 e B A 5 AT IR e B B

ks
i
=
,\:rn.\
S
Bl
(18

Zys2 Zys1 1

B 2-3 & ghd @ {3 2 BI[19]

IS

TEZREERSE AT BELRE Y P 4258 (Lagrange Equation) 4

Y

i

Pt TR BAE D A L B A 2 3F 2 Al

" vt sk s 1, s
1 N P’Fﬁ (ms)alﬁhéﬁ?ﬁ{?{ S ?‘ELZ'%’F"'P w3 & .‘E.(y)
B pnd gRAED i SRR R SR -

2. FHFEMY)E EdF T E(Mmys) s » B> 2§ FRELZ 23w

MED S e BB XZ T A e B A FTFRES Z 2w
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3. BiRMNEE RS X it

4, %éﬁiﬁﬁﬁﬁiﬁé—ﬁﬁﬁﬁ’%ﬁﬁﬁ%%&@mﬂ£%ﬁWﬂ

fﬁiﬁz(cs(i)) TR R j% RN SR S

5. & Bh2 WA R - MUAER o HEE B ko £ A 2 E B
BE o TAG RS S 2 B
6. A H o2 BT D BT 0 T B 5 NIAE -

7. K,!rt:t’! Zpoq (TR AN L 4 o Haeprhd 3aE i 22t

$122.1 ) @2 JFEARAP 2 0 M g B RO Y L R O 54(2-3) 0 RIS

I, % fie o2 o g £ o

B P A BHR A N(2-5) B A AR T A S TN

1 1
V= Eksl(zs — Zys1 — ae)z + Eksz(zs — Zys2 — be)z

(2-24)
1 2 1 2
+ E k¢ (Zusl —Z)° + E ks (Zusz - Zy2)
PRI PRI AL TR TR S Y Y Y PR LN

fr 2 ey Gl 052 Lt pi@®2 A oaZbs T

[k

3 4
T EREFTEECGT 3 5 F 5 BER T iEsh>

fon

1\“<

< (CG)ZE 2 BB

W CGHE T e zg—zyy —ab i H"%F&ﬁ5§-§ i ’Zs_Zusz—bHé;'éﬁh%ﬁl%gﬁ

=g
o

é?qiil— Zys1 — Zr1 & i ‘F\;F’ﬁ% %qﬁi > Zysy — Zy = 18 %ﬁ%?é%ﬁ—g‘ %qu—
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BHA P L FECE N (2-7) 0 BIS phL B A 2 S deT A on G TN

1 2 1 .
D = =125 — Zys1 — a0’ + = o (25 — Zys, — bB)’ (2-25)

2 2

HY veglcpiaiishz Bprer i @ B BT 5 58(2-25)7 318 b
B Y 2R A B 2 Yo #50(2-23) 0 54(2-24)F N(2-25)R% 2R
PP AAR(2-1)8 > TF AN g DA 2 F S 2 [4] 0 doT 0

MsZs + Cs1(Zs — Zys1 — aB) + ¢ (25 — 250 — bO)

(2-26)
+ksl(Zs — Zys1 ad) + ksp(zs — Zys; —b8) =0
Iyé - acsl(ZS - Zusl - a9) - szz(Zs - Z‘uSZ - b@)
(2-27)
—akg1(zs — zys1 — aB) — bksy (25 — zys; — bO) = 0
Mys1Zys1 — Cs1 (Zs — Zys1 — aB) — ks (25 — zys1 — ab)
(2-28)
+kt1(zusl - Zrl) =0
musZZusz — Cs2 (Zs - Zusz - bH) - ksz (Zs — Zys2 — bG)
(2-29)

+ki2(Zusz — Zr2) =0
Boghd BRI 2 F R AR T A G N (2-11 )2 B A B Lapd

TS

2] = (2-30)

0 I, 0 0
- y 2-31
M=15 0 m. o (2-31)
0 0 0 mygy
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:vsg‘ 2

Cs1 + Cs2 —0acCg1 — bcsz
[c] = —acg; — beg,  a®csy + bcq,
—Cs1 acsy
—Cs2 bcsz
[K] =
[ ksl + ksz _aksl - bksz _ksl
_aksl - kaZ azksl + bzksz aksl
—ks1 aksq ksi + ki
| —k, bk, 0

s (220 )Rz > VEARL B HAZ F P FR LI 2w 2 R e

[P AN N -‘—‘:»p_"—': E 4 %) IR
B KA B ETHRp RS o

14

—Cs1 —Cs2
acs;  beg,
Cor 0 (2-32)
0 Csy
_ksz ]
bk, (2-33)
0
Koy + Kyy )
(2-34)
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223 % phi A

% phL B 0] (Multi-Axle Half Car Model) & #-n g0 §mff v 2 £+ 82 ¢
2 FTHFREAONA2pd REHEA 0 oW 2497 o 2P on4+2Bpd RS
Wi ¥ FE 2 E (Bounce)% f#r(Pitch)® » i > 2 n B2 F T E L5 2w
W oo JHCAIT 0 RBRE R ik B iRa@ i B .

B
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! ' : &G C.G ms, Iy i e
L b : hooi b
i | . | (il 1 L, ! 1 I i
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k‘@ﬂé : I_Jl:l Cs(n) kS(n1)$ : |'|'| Cs(n—1) k52$ : I.JI-.ICSZ kg1 $ : I_Jl:l €51
Zus(n Zys: - s I
i mus(n) zus(n!l) mw(n_1) i Mz Zyus1 1 Myg1

Ken) ketn-1 ke ki
Z,,(n)I Zr(n- 1)| Zry | ZrlT

B 2-4 % anEd AT R BI[19]

LORBRAER BN AP 5 ELE T P 2 425 (Lagrange Equation) » ¥ 42
Vi1 222 0] H4p i Bk 0 BILV R E N nghd B A2 6 e > 2P g

TF R rj{”‘ rx 8o

L §2 RO dd g2 Bocf 1

:ml@
(g
N
© |3
<%
o

2. ipies o dde R ()plﬁﬁﬁﬁ§FW”@iiﬁ%ﬁ§%§%o
B 221 ) &2 deFiEARAp 02 0 B-F phL B HCR] Y & FE ~ 58(2-3) 0 RIS
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1 P T
T= Emszs + Z Muys(i) Zus(i) T Elyg (2-35)

i=1

N

Poomgk Zoh ] G p?ﬁrﬁ;,’_‘ﬁ)iﬁ'r%‘rg ’n“us(l);zzus(l)Av MR
2 FTHFEZHEER y @ e 2 g § o

B L B N N(2-5) 0 B 5L B AL T A TN

n
1 2
+ z 5 ket (Zusy = 2r))
i=1

2

NI»—\

ks (Zs — Zus(i) — l(i)H)
(2-36)

;F_! F‘ ’ ks(l)a kt(l)Au FJJ F)l—: l%\%ﬁ] % % %E_—"i—; ]‘4& 97._ j/ ])'h‘lyr;-ﬂg rﬁ'@
é%]\ri_]’i’_%%o [ al;l%b%CG7ﬁE'rg}H. ?llﬁ._]_lglgl Y\WFK%I‘—"S,\CGH”'% ;

ﬁ. E’:EJ%?“I’;’?%L"’_’M C.G.1¢ > °Zs_Zus(i)_l(i)9é e lﬁd‘;%ﬁ&ﬁ% o ”I/:E ,

Wi

F
Zus() — Zr(i) » F | iR SEF A58 o
BRI R SRR A FN(2-7) 0 B Sk B B2 e atT A BTSN
n N
= Z 5 Cs(® (s = Zusy — l9) (2-37)
i=1
B oy s 5 idhz B IEL Gl @ 2, — Zysy — 0 5 B B o #50
(2-35)3 (2-37)R » 289 p 2 20 (2-1)t8 > 7 7|0 nphd fe2 § phd @
B g b > A2 30 > doT 3N
msZs + Z cs)(Zs = Zusy = lwyb)

i=1

(2-38)

+ z ks (25 — Zusy — L) = 0

i=1
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n
L6 z Ly s (Zs = Zuso = L0)
i=1

(2-39)
n
- z Liyks(o (2s = Zusy = Lpf) = 0
i=1
MuysyZusty — Csiy(Zs — Zusy — L)0)
—kseo) (ZS — Zus(i) — l(i)e) + ke (Zus(i) - Zr(i)) =0 (2-40)

fori=1,2,..,n
PAER AR L S ph P B gp2 - B R R TnENIn> 20 Ay
iﬁ'{fﬁ_ﬁ iﬁﬁi‘] ? B L@ Jfgfi‘] » FLF v v n%_i_gy ﬁ:ﬂl véb 1 n%ﬁ‘—'f‘;‘]ﬁ?f’\ .

ik 5 PRRCAE R G RN T LA A S N(2-11 )2 B AN s H Y & ap

AV B
[ %]
| ¢ |
[z] = [Zus(i)‘ (2-41)
Zyus(n)
mg 0 0 0
0 I 0 0
0 (2-42)
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[C] =

- n n
z Cs(i) z oty —Csw
i=1 i=1
n n
—licsqy Z lCswy  Layesa
i=1 i=1
—Cs(i) Ly Cs(iy Cs(i)
—Cs(n) LnyCsmy 0
K] =
_ n n
Z ks Z —liyksaey  —ks@
i=1 i=1
n

n
2
Z ~layksq) Z loksey — loksw
i=1

i=1

—ks@) livksay — Ksay + ke
—ksm) Lyksmy 0
0
0
[F] =| zZr@yke
Zr(m)Ke(n)

SN (2-20 )Rzt o v @A gh B R 2

N R T N S B 4 b e e
Fhoonp RSB T R S -
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—Csn)

LnyCsmy

_ks(n)

lmyksay

0
0

0 ks(n) + kt(n)_

(2-43)

(2-44)

(2-45)
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2.3 PhEERR

18 g L ph 2 B B~ 2B ot d BELG 6 2 e RS 6 BB fR

Fle o 1At da i bl iR e B0 B2 o b g b PR 4B (AL
@’iﬂﬁﬁ%wki&&ﬁ%o&%@wﬂgéi@ﬁ%E*@AW%%@§
ﬁj ha ’%‘F’ ﬁbﬁﬁfﬁdi"m LLEIE‘:’F'&&@ Z:t\/ r‘\ ‘\::

At = — (2-46)

A WBEEE vi DR -

BOUNCE PITCH

T T ewe
3
WBI, 4J%§Lh
3

B 2-5 #hiERASTIT R B[7]

ﬁ$@26%ﬁ’éﬁﬁﬁ”%éi”%%%’ﬁw1@ A E e R T
A2 LD S e iE o R B AT PR LR R BT PR SRR T g 2

&% i #4F 5 (Null Pitch Frequencies, f,,)™ > 2 §@#-1

v

fap = WEB ‘1, i=123,.. (2-47)

%

i H 4

Beh i~ LR BOTPEEZ B B AL S BB B0 phEEL B B0 28 2
WilEpm A4 B e @ d o AR MEEAE & (Null Bounce Frequencies,
fap)™ 0 B ARHEA A e BB

v

1, i=135,.. (2-48)
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BB S AF L F R A2 4oid B2 @ iE (Transmissibility Ratio) * #
BT a R UREPAE R L A A A R b e B2 BiE Y B D] o AR R
R RS o S Bt AR BRI B G ST R

FILT des § phd gR b Bha Bt B - G AR B L kst B - o
WRAL)F A T AR

L~y

At; =—, i=23,..,1n (2-49)

P ool $iphdr CGLIEH - ;5 T ER A7 3% CGw > 5 F 5
fER AT CGiE2 cvidipE A o ni ? fpihlc o

FIFREZEREgF=E A pa e gt TR CGz 8 2 v &
i e B d b IR o e H PR AR R F o AR T S
e R RS e Ed g £ RIRE o  H dhEEp A ok R B o F 2 s T
Fligitipr s BIF R4 CO Al TE 2w 2 irir= w867 ¢ 5 a4 & >

WA n] G (3]

n
:Z—%&m=0
i=1
(2-50)
n
Z}%%m=0
i=1

Y ooni Bgmpndic 7 5 i phE CGLIEY > ke » ¥ i ph2 & fh3BY &

ﬁ,{’cs(l,: ;l%\%“%rl&lﬁ,]‘kﬁ'{o
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24 B P& REE TR
AT 24 g AR s iRz BB R o AL R TR
REEE G SRR S RE S e h ST BB 0 R A

T kLG 2 B g2 R B A R o

2.4.1 foEE &

R CRE D {RITR RGO AFLHE ARREL %aﬁéEW%7ﬂ

% /& (Power Spectral Density, PSD) k 4 #f i & fa#g 2. = % (ISO 8608)[36] »

hfaREd AT H> A8 iRt mMipgEERB 2R > 4ok 2-1 977 o
% 2-1 1SO 8608 B 7648 A 47 4 [36]

Road class  Gg(ng) (107 m?)

Lower limit ~ Upper limit

A - 32

B 32 128

C 128 512

D 512 2048

E 2048 8192

F 8192 32768
G 32768 131072
H 131072 -

ny=0.1 cycles/m

d & 221 Pt B iR 8 =B FHBREFEG(n))E T S
Flc(ng) #d TRAFIE dznpeg 2 8 #HH FHBAEG,(N):
n -2
@w=@%y@) (2:51)
Ny
B G2 =B FHRRE Gung) s TECHHFHTATE n

52 FHES o ng s 3 B S ¥ #ic o Agostinacchio % 4 [37]42 45 ISO 8608 %ﬁ

et

&ﬁﬁ$ﬁﬁa’ﬁﬂi$%%&&ﬁxzﬁﬂﬁ
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z.(x) = Z VAn - 2k 10~ ( e )cos (2miAnx + @;) (2-52)

He > x iR HFEEeE NEPHRZEKD > Ani it PR3 R E
no s % MRS ¥ #ic k 5 ISO Be G A 4% e » 3 1945 1SO 8608 B B4 m it
Foodrd 22407 o i h B[0,2m]| R IO M A T 2 NERAR R b o AT T RS
(2-52)3 & 2 B i A2 dks o g » o

% 2-2 ki@ ISO 8608 it m fa%f ¥ PR % [36]

Road Class k
Upper limit Lower limit

A B 3
B C 4
C D 5
D E 6
E F 7
F G 8
G H 9

242 B Pt 1A

£

o

+ 2 Fx[3,7,19,20,22-28]% - 3= B gmitic 2 datR S 2 R e
(Z)% &4k B(O)~ + FE & =#(0) - & b 8 # (7 42(Suspension Working Space,
SWS)% #*n - i § §*(Dynamic Tire Load, DTL) © gz 47§ %4 F it [I;Jc H#e bt

PREY LT EDREAR RS 2B B
1. FTFRAERZ ALER

995 1SO 2631-1:1997[38]2. % 4 > ¥ ¥ + FR4E R E & teig B A% > |2
Rk R AR o A R A F B
B2 2 3o EAR o Bl B R B AR
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2. FrERiv#H

ﬁ%i?i FHAR > B AT ER LA e A AR o B
Bk R B IR GE Tl AT TE O F P iRk G o pH

FEEEH2Z R EE ] > PR A 2R LML ART -

ERAHEE AR > DR TR BT L E R FAR] o AR
] P EHB R ER TR Bk EAR] 0 PR 4D

+
Rpd iz o 5 idhz R pEHFREWS )™ &7 & [17]

SWS(l) =Zs — l(l) 0 — Zus(i) (2—53 )

BY oz i F P FR2B o R ¥ iphE CGLiEd 05 Firk g
PR ImETIRL A
4. b s f
fe e b S IR AREOY TR R 2 R o YRR R L AR
AENIL A 0 UIRE L S-S LA S LR S RN R R Y
Bz Falid o TR BRI c R AP TR0 § 2 IR ER

R G FF 0 TS @é§7<bﬁm£1 RIS 202l fo b L 12ic 48 7%

DTLy = keiy(Zraiy = Zus(i)) (2-54)

He s kt(i)é * iﬁiﬂvi%’?ééﬁ% % Hc o Zr(i)ff:» EY [ $h2_ B2 o ﬁ?jﬂ i o Zus(i)é

5 1 $h %T’F“rﬂ’ 4% o
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AT HEE 2 FBERTRDIIRZR P B AL o 1945 Cao[39]2
Griffin % £ [40]2.F7 % > 3G Bd@ip-Pr= p 2 & X I F R IEip G 2 2 30
BRAHPE T2 RE TR RAE AL RZ AR T R H
B gAML LSRR R AL - BT R gRA S SRR L
Lot i P TR R AR AT RS AT
Bimz B h e c A RPER FATL FiR KU med w2 BB

fttabom AP ML -

Fe >z Y

SRR RN

RS I AR R R
FIFRAER L KEEIFRANCERE LB ARPHE

BREA D R BB A -

ih’ff&'ﬁ‘ﬁ

7R B 3 A

@A SR G LM R

TERTRBE LN 4p #%(Suspension Dynamic Performance Index, SDPI) 14 3#
DR SRR B RER G 2R H RGN 0 R RACT VT
Z.:S‘RMS éRMS
SDPI =033-|0.6-————+0.2- + 0.2
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3.2 B A
kol HABWP AT Y 2 BB AT % 0 @ % MATLAB 2022a %% = B 4w H0

Al TR R L PR R R B 0 B AN AR R AR 3-5 A7 o

[ Read Vehicle Parameters and Road Profile ]

[ Establish the Vehicle Model ]

Restate the Vehicle Model into State Space Representation

(X1 = [A] - [X] + [B] - [u] + [F;]

Solve the Initial State
[X]o = —[A]'[F]

Solve the State of the Next Time Step
[tiv1, [X]is1] = oded5(t;, [X];)

.

[ Get the Time Response of the Vehicle Model J

'

Transfer Time Response into Frequency Response

Frequecy Response = fft( Time Response )

Y
[ Get the Transmissibility Ratio ]
]
[ Plot the Results J

B 3-5 & dmBCA AR I AR )

<

T Ml R A B L o XA A ETERE TR

ST 254 /A
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0 0 0 0 0 1 0 0
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0 0 0 0 0 0 0 1
ks Cs2 _p- ksa b- Cs2 0 0 _ kea + ksy Cs2
Mys2 Mysz Mysz Mys2 Mysz Mysz
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Bl=| o o (3-16)
ktl 0
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0 t2
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=[] (s17)
_ 0 -
-9
0
0
[F1=1 o (3-18)
-9
0
| — 7

3. % ki
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[X] = Zus1 (3-19)

1x(2n+4)
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$25%

[X]o = —[AI*[F] (3-24)

St

o [Xlpa Ak e B [A]T AR EEE L R S [F]AE 4 SR
B oo d (324 fF @Ak e B 0 % MATLAB 2. oded5 Siic® i fi
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(3-27)

¥ i BEiRghz

Fo7 AR S HCE ARSIk BB RME L > @ & = ¥ % (Fourier Transform) ¥
A

ISERSE D R R ISV

, 2TKT
Xk=§}wfwwﬂ,k=omzme—1) (3-28)

FIN(328 )P R LB SR B ERERARAR ZOWNY) > A
F 1 % Poig & = ¥ & (Fast Fourier Transform, FFT) | v #3+ 5 P 4g 22 B "% 5
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i

* 0 ¥R % 2 4R
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B3| = X HAF B i (Sequential Quadratic Programming, SQP)#-f4F 52 ezt 40
EROI S N: SLN O (8 f e LY TR s g 1) OF (PSS ORI IS EEEE TEGR
B VRRE o P ojzattEd P EcF g A R EENRA o
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Set Design Variables

X=[k$i,CSi,Cg ]

v

Given Other Vehicle Parameters, Velocity
and Road Profile as Design Parameters

!

Given Initial Variables

X0 =1[ kso» Cs0, €Go |

v

Run the Simulation Using Initial Variables

Y

L.

Get the Time Response to Determine
the Coefficient of SDPI Function

A

v

-

Optimized Suspension Dynamic Performance

x = fmincon(@SDPI, x)

-,

!

(et the Optimized Variables

B 3-6 fb bk a B iE AR T AR R
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Sprung Mass Acceleration of One-Axle Vehicle
with Different Suspension Spring Stiffness
30 km/h - Bump
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RMS Sprung Mass Acceleration of One-Axle Vehicle
with Different Suspension Spring Stiffness
30 km/h - Bump
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Transmissibility Ratio of Sprung Mass Acceleration
One-Axle Model with Different Suspension Spring Stiffness
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Sprung Mass Angular Displacement of Three-Axle Vehicle
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Max Suspension Work Space of Three-Axle Vehicle
with Different Suspension Spring Stiffness
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with Different Suspension Spring Stiffness
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Max Suspension Work Space of Three-Axle Vehicle
with Different Suspension Spring Stiffness
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RMS Sprung Mass Acceleration of Three-Axle Vehicle
with Different Suspension Spring Stiffness
30 km/h - ISO 8608 Class D-E
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Transmissibility Ratio of Axle-1 Dynamic Tire Load
Three-Axle Model with Different Suspension Spring Stiffness
«10° 30 km/h

k51 x10; ksz x10; kSS x05

k  x10 'k x10:k_x10
s1 s2 s3
k51 x10; ksz x10; ks3 x15

0 2 4 6 8 10 12
Frequency (Hz)

(a) % - $h

Transmissibility Ratio of Axle-2 Dynamic Tire Load
Three-Axle Model with Different Suspension Spring Stiffness
«10° 30 km/h

k_x10:k_x10:k_x05

s1 82 s3

K X 1.0k ,x 1.0,k x1.0

2r k_ x10:k_ x10:k_x15
s1 82 s3

0 2 4 6 8 10 12
Frequency (Hz)

(b) & =

Transmissibility Ratio of Axle-3 Dynamic Tire Load
Three-Axle Model with Different Suspension Spring Stiffness
) =108 30 km/h

181

121

DTL/z,

08

06

k_ x1.0;k_x10;Kk_,x0.5

s1 s2 s3

Ko X 1.0 K ,X 1.0 K 3 x 1.0

02r k_ x1.0,k_x1.0;k  x15
s1 s2 s3

0 2 4 6 8 10 12
Frequency (Hz)

(c) ¥ = #h
Bl 4-39 % = dwfe B Y alicA 2 = i)

Prid 30 2 L i B i f 4 i )
103

doi:10.6342/NTU202302206



434 )} &

o LR PR PR A A S E AT S E Rl R

Gelicpie B M2 - BT g%

2. '&E’;%ﬁiﬁﬁ—,ﬂ liﬁy‘ll}%\%ﬁl %’/ﬁ’:g{i“a"‘tf&’&%”’fﬁ _ﬂ_% %ﬁ'l

WY GEGCH DR > AT P2 T HE TR LR AR

30 K rehBRE Y EH ML RAEE GEN R R
ERG o RIS B RIS TR ek ) L

4. F S phP gm2 W iR Y B AP > 1A B AR G
RI3% 2 e s i f S HAE2 B 4o o

5. § 5 AR (SRR b g e B RRG  R
fh2 $HPAE R i\l:i&-"itfifgén UV RN S ST CF T ST 3 VPR
e é’ﬁ«éi\‘%xiéﬁ&"/ o

6. & Sdhd dmT shhrl b2 ¢ BB BB GO A pr s U B A
ARG 0 RIS R AR el R

7. %‘gﬁbﬁj ﬁﬁﬁ%ﬁ—‘;ﬁ ﬁ*&ﬁaﬁ f.l é‘,;\‘.(z_so) s T ?::_'Ei"’ 5 % ;’}F—]’P’P—E

Fhp o RIhiEg A TR F o

8 ShB R w e HER SR I FS e Eh 2 PR DR
pars k2 @ bR R FAZRTIEE e FH 2 PR -

9. B iRE BB B P RF T REHZPERS S DL
RF PR TR P E R PN LE S v ER L B

doi:10.6342/NTU202302206



44 RprEL GEKR P& BN BT

Aol R R BB IR R 0 S REN L ERLF B 5
BB G 2 BRSSP B o £ AT HMR P 00 A2 4R P A flicpe
EHRBAG AL BT AR H IR Gl B ERE R4 ] St 2

R fhrER Glc(cg)z 0.8 B 1 2.1 1 -

441 2 FRABIL g E 2 B EHATERE S BG EFEER

Nyl it %éifﬁﬁf"“]ﬁﬂ'I‘%N%ﬁfpﬂ*lﬁﬁz’mﬁwﬁbf“Efl%]mﬂ,ﬁ&
TEFERRHIEL G o TRETFFERE > MEZHEFRES 2L
g

1. =32 ¥- R pIER hocs

FeZ PN - e R IR Tlie(c) A PR LR R IR e 1.0

%

SIS RE 208 0 S fhE S fh2 R IR GERIFE R B IR Glp

feoo TousE B 30km/h iR P G 0 HPEFRF SRS BAcB] 4-40 3 B 4-42 A7

105

doi:10.6342/NTU202302206



Sprung Mass Acceleration of Three-Axle Vehicle
with Different Suspension Damping Coefficient
30 km/h - Bump

5¢ 11

4+ 109
T3 108
< 2f 107
Rl 106
-
£ o 05
-1
é - cyx10;c,x10;c,x10] 04
o 2} 051"1-55 csZXT.O; cssxf.o 103
= c,x20;¢c_,x10;¢c_,x10
v s1 52 583
=37 Road (Axle-1) 102

— ——— Road (Axle-2)
AT Road (Axle-3) 7041
A
5 | o ‘ ‘ ‘ 0
0 0.5 1 1.5 2 2.5 3
Time (s)
B 440 % - g prer 7

pEE 30 o B GERE P G

2 = i

'

i

FE 4 RS

l

Sprung Mass Angular Acceleration of Three-Axle Vehicle
with Different Suspension Damping Coefficient
30 km/h - Bump

Road Height (m)

&

031 11

= {09

= 02}

!

=P 108

g 01

% 107 .

Z 0 2

;% 106 =
®

E 011 105 ma.,

& {04 F

2 021 ¢, x10;¢,x10;c,x10 45

= _ _ =

% Gy X 1.5; Coo X 1.0; Coq X 10| | 03

2 03 ¢, ,%¥20;¢c,x10;¢c,x10

y Road (Axle-1) 102

£ 04 ———— Road (Axle-2)

£ ‘ Road (Axle-3) 701

05 | {\ !y | | | 0
0 0.5 1 1.5 2 25 3
Time (s)
Bl 4-41 % - fufd o LR Rl e 2 = ghiiCd)
PpEE 30 SRR E G hE TR A ERPFTERR
106

doi:10.6342/NTU202302206



Sprung Mass Angular Displacement of Three-Axle Vehicle
with Different Suspension Damping Coefficient
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Max Suspension Work Space of Three-Axle Vehicle
with Different Suspension Damping Coefficient
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RMS Sprung Mass Acceleration of Three-Axle Vehicle
with Different Suspension Damping Coefficient
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Max Suspension Work Space of Three-Axle Vehicle
with Different Suspension Damping Coefficient
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Transmissibility Ratio of Axle-1 Dynamic Tire Load
Three-Axle Model with Different Suspension Damping Coefficient
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Transmissibility Ratio of Axle-1 Dynamic Tire Load
Three-Axle Model with Different Suspension Damping Coefficient
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