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An Analysis of Passenger Discomfort According to Vertical
Vibration and Pitching
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ABSTRACT

The human subject perception response according to vertical vibration and pitching was ana-

lyzed with a five degree of freedom model. The vehicle dynamic system with the delayed colored

noise excitation and the passenger perception response was arranged as an Integrated viration

system and could be analyzed simultaneously for seven different combination of vehicle suspen-

ston. [S02631 and B56841 was adapted for analyzing the passenger perception reponse. Simula-

tion results shows that passenger feel relatively less discomfort due to pitching compared to verti-

cal vibration and road type was not necessary to be considered as a design parameter in view of

comfort analysis.
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7FeAeHoZ AF e S =AY +
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F2 B568419 %2 w4},

FH AR F @9 2lojse Crandallo]
XY A EHA (Linear time-invariant system)
ol A A% E3 Y% (Spectral density) & A28}
of ZFFEFNAHE AlzFold, Schiehlenz}

Wedig7} Aojo]ZolA HEE ZEAs4 (Co

variance analysis)-& £-83lo 3jgPA o2 HE
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ZAA]AH IS026313 BS56841-8 ARR-s}e =}=f &F
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2.1 =29 = I

271 2EE Ze dA4 EREc BEE 3
ANA HFEAHQ FLEE Zc FHolE ko|=
(White noise) 2 A8 + slon, FY I}
AP oz Elolojg Mo FPEL
o] Ry F E2| FXuho] o]7] wjic) AA =}
Zro] A FPHL ZAa-o)=(Colored noise) 2
2 ot} ojul gl¥ e AR ZEimo]= u(t)
+ shape filter® & AHLElY, T 29] 3lo|lE
o] w(1)2REH g3 Zo] A& + 4.

u(t)=Rg-g(t)
g(t)=P; g(t)+Qg-w. (1) (1)

7|4 Ry, P, Qe E2ZTO| Zalco| =4
wa=7] Y3 Y= dAHHY.

Sutjiatmo59& AAERe AFYUHQ Ze)
Yolz u())F 43, E2XT9 FAFHQ
Ade YveElde= #HYA"HEeEfgdx (Power
Spectral Density) £, 4 (2)2} o] FHEA ).

sc@)=N(=) (2)
Q7N Q% Q=w/vE FNE wd FREE
vl 1A ToAW Nt bel ghe 2o @
Aol e} ¥ 13 2ol Folar.
A Nl E Ask b=22 ¥ ojo] th¥k
RlEg THE 4 (3)7 o] Bt

SU(M)=MEE%—SH(Q)]=VN(2E)E (3)
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Type '
Read N b | W, [m/sec]
Macadam 1.2 x 107° | 203 | 8434 x 10-° x v
Nacas 3.4 x 1073 2.14 29.77 x 107% x v
| Coldmix Buton Asphalt 7.3 X 107* 2.16 18.10 x 107 x v
| Hotmix Buton Asphalt 5.3 X 10 . 2.26 13.15 % 107 x v |

YASEQU AS Si(w)e 943 e 25 718§ 2 B
o e wolzo mE & 3olE ko=

(White noise) & & % glth. & then ge 22 Ag s 24

Alo] MY E]. 1y 1.8 =Z2oA F8s= AL 5RGE
- | o AEFALGoZ vePR Aoz old tdl £
u(t)=w(t) (4) RS Yad dy.
A7|M w(t)e £29 Fo|E xo|Z w, (i)} My (1) +Cy(t) +Ky(t)
=Li-u(t) +Ly-ult—t) (8)

= U MEE FolE ojzo|H, (1) A

el gt vjEE 4 (5)2 Zo] vepd & gl | |
oz7iM M, C, K& apge] A%, AT, ~

ZREA AEE v L L9 gEe
Efolo] 2xadAs=e] YL YebH u(t)$} u
d . . . _ (t—t)= 42 ¢l vl s Ay &
E[B(t)]:Pg'E(t)+Q3'Wr(t?=P¢'g(t) (H) 7} o]=E el

& (B)2FH olg)g} Ze NEL Yy zE
ARESE el A2 viEd o83t 2

u(t) =Ry-g(t)=w(t)

Z}et-o| =9 v #9lu o] ) Ab#EH4: (auto-

correlation function) & esjr s v} o), _ .
z(U)=[y(t) y(t)]"

- =V 3Ys ¢ Vi v2ys ys 9" (9)
Ra(r)ZJ- S:(w)e!“Tdw=vN(27)38(7) (G) T 3

RIOE
vN(27)%& AAF AbSzlo)lmz W.=vN(2r)? L y(t) -

2 gou A4S E gt 2. _ W
L MLy u(t) + Ly u(t—t,) — Cy (1) - Ky(t)}

Ri(r)=W;-8(r) (7)
NHel 42 s go| H=E 5 Ut
A7l W FelE ko]l= Z}% (White noise
intensity )7} €t} z(t)=A z(t)+B U(t) (10)
=29 Ngte B 1A 78 4 Jems, zt
E2oMe Jo|E kol2 s ® 1AM H o7|A 37 A, B, Ult)e o3 Zul.
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so=] T

2 L u(t—ty)

i 0 I ]

A= ~M1' K —M"C
- () 0

B = ]
- M-_l Lq M_l LE,

21 (10)o 48] z(t) AL 7w gt A
HEAAes el U 2.

£ 1) =50 = AV +BU) (11)

234 92 A (4)NAM u(t)=w(t)7} ALdHL
datonz o AE A (11)d thYshd g
I o) At}

z(t)=Az(t)+BW(1)

W) =[wt) w(t—t,)]" (12)
aq7]X W(t)= 3leo|E ko= 548 el
o AHL A ()] yHA N FIZRE FF F

AT TR 4TS T FHAAMY £
FMEL v.8f A7MEE or Ogd 2.

Po(t)=an' - z() =y, (FARNE dv)  (13)
=[0000000010] [y, ¥:¥3¥: @ V1 2y Yap 1"

Py(t)=ay'-z(t)=¢ (Pitching o)  (14)
=[0000000001 ] [y1y2y3¥: @ ¥1¥2¥3Ya @ 1"

ARAFL AFLIE 2Edn Rsge

H old] g HF(Mean), ¥A+(Variance) &
F8 4 (Covariance)2 21} 2},

mzl _— 0, mph: ElhTm;' — O

Vyroyy =E[(z—m, ) (z~—m,)T]
=E[{2(t)-zT(t)]

ﬂphz = E[(Ph_' mpb)zj -~ E[sz:l
=E[a,Tz(t)z" (t)ay ]
=a, E[z(1)zT(t) Jay=as V,;a,  (15)

Q714 me z8 BF, mpe P9 J7FL e
W V& 29 BRA, oe Pol 28 U
ERd o}

2.3 EEAR] FHH X|Z(Human subjec-
tive perception).

1502631+ & wi§ {17t #3349 =&
2 A|ZhH = (Perception variable) Ks% e
A=, ol A FAREM] wde 7o
2 Ksgtol Aolasg 2zl rare] 74
2 vebdc}, 1S02631¢) 7j23F VDI 205794
w2 U g M A ZH < (Perception
varlable) &= U3 g2tl.

ks = dag I (16)

714 @ a=208) J40|T, age A7} T
HHO R e AE7E%2 rm.s FH(Root-
mean-square value)-& Uephd o},

2] (16)2 ¥Hoglel 0¥ o} K==W X} (stan-
dard dewviation)”} r.m.s. 3 Trle= RAlg)
A o] g3}, & (17)3} Zo] A7} 7=
T84 7MEr 59 24 onlE UER 5 9l
o}

Ks=daJas.2 =a oy (17)

3, EAF ow'e 100l =7 7MEE Hs(t)
2| AZ|4#FHr Ru2 VEPE 4 A3, X714
#A¥re SHEYHIYE 92 Fourier ¥ $o)
o5 Kse #(18)¥% o] QAe HAA= Hg
H A AFrkgxe e ~¥EY WE
(Power spectral density) Sph(w)i YEPd

U Tt

Ths —E[Hﬁz] Rh (0)

Sus(w) = | f(@) | * Sp(w)
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Ks= a/:_a/‘Rhs(o)

-—c:I\/f Shs (m)e“"”)dm

:a\/fm' | f(w) | *Sp(w)dw (18)

o 7|14 Splw)vw ®eA) A&ée AFHER
o] ¢ AHEY Yot

$E Ay ()= U8 22 dikE
A epd A e] Ha]

51 (lm)“ l—l—ﬂg(lm) ”2+ —l—ﬁ“(lcu)
((lm)“+r1(1m)“’l+ A 70y (@) + 74
(19)

f(w)=—

B568412 4| (19)& AME-3le n=29] 7%
FHA A e ALFrsl Pitchingoll Mol A
det=E 2tz 4 (20) 7 2] (21)&2 Aol

%2 A5 B9

49, 42(1&1)—!—455 76
Hw)= (1m)2+48 97(lm)+1108 95 (20)

(Pitching®] 7-%-)

B 2. 51(1m)+15 79
Hw)= (1m)3+9 97(1m)+39 48 (21)

FRegQoHe Aeas f(w)E AlY
oM FEW 4 (22)% 2.

H,(t)=R,"-s(t)

s(t)=P.-s(t)+Q, Pu(t)

I ~ 0
(2] pel 2, 2] o]
L A, —72 N

o7]A R, P. Q.= Shape filter 382, H,(t)
< A7 =7e 83 MR SHE Y

e, Pu(t)e 2HlA 2850 A JEA L
goz s ARA JIEE SHS UER
o} 21(22)9] &R At F@EQA SH
Ho(t)E AgaFd49 Any s P(t)2Y
Bl AlAEE & 4 9o, Ho(t)e 248 2
(23)3} Zo] B2 = gk

nt=E[H;-H.T]=E[R.T-5-5"-R,]
=R." Vg R, (23)

d71A V,=E[s'sT]e shape filters] ZxAlo]
t}. |
AF A (23)¢ A7) AYFHA A4
= c}L-3 o] shape filters] ZEA 0T
g 4 9.

Ks=a J/R.T-V,-R. (24)

AF7H] 73 A Kse @& 2§,
& Ldl £AAFo|LY 4% Pitchingol] A gt
o] A} zre eldc), BS6841+ o]@ T}
252 Af AA7F FHH o R 7= IE7}
T E Zt7ke] gds ZEol s A7 3
HAog LYrle AxriaEr=2 rs.s.db(Root
sums of squares value) 2 Z AH2ollEr}. ol&
o]-@-8te] 2 ZFH Pitchinge] &AJd| WA 3}
= HERFNA, QA7 =7 = FHE w31
e 2 Aoz el 4 gl

J(Ksz)2+ (Ksp)?

K5t={z.¢ ﬂ'hEE—I— ﬂ'hmz_'z

(25)

A7| X on’ T Kszi= 4% FHAFA M H,
(L) B4 RZHTE owe ' Kspe o9
Pitchingsl 9] Hy(t)%4ka} AzZhd48 eh)
I Kste T4 sadS Heple A2
ojt}.

3. d4 % E9

Goll A &g ANz F19 477 =
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2z dsld F2olAs} 2 77)A 4R
Qo) thel AzhESE AR, SxIererd
Wsle ANy 23, Ogd 2e s} dojH
th o] Ae siAe) AM8E I8 19x9 Ze
$83 7} B¥e) g5 e gk

a=1.2m b=1.3m L=25m mi=m;=50kg
ms;=1300kg J=2000kgm k,=k;=250kN/m
m,—60kg k.=9.3kN/m ¢,=0.5kNsec/m

3.1 FETUS0l et S

T A Fol e FRRIFAAE Yelle A&
W3 Ksz& A3 (Spring), W (Damper),
TR 7], 2o we} A4 A%E 1Y
2, 3, 4, 5ollA ¥F3 .

223 A% G2 Ao we Az

Mahe 23 20 Yehd At go] g, He &
=3 A7) 22 AS, AL FAIFHANA A
ZFR 47} A7 Hol ¢ggAde] Az} =i, gt
A2 F4HAAM Fojd B¢ A7t F71eE
oz}, o] e AL FAFHAA Yo
4% pitchingdl] |3t & Fe] F7}87] W&
ojt}. | AZY A7t & AU FL& T
ey} 2% el 91X wte QtetAe] o)}
AXE WE noFT. AF AEe 237 4
7} & A% F& FAREA S YRl A
AL 2 FAFAAA Holy ZF2 A=
s Ze FoE o|FdY. 123 Ay o

Table 2 Vehicle model

k4 kq Ci Cq

MODEL ' [kN/m]{[kN/m ]{kNsec/m J| kNsec/m ]
Atype | 45 45 25 | 25
B type 70. 45 2.5 2.5
Ctype | . 45 } 70 | 2.5 2.5
D type 70 70 2.0 2.0

E type | 45 45 3.5 2.5 |
B type 45 45 | 2.5 3.5

(3 type 45 45 3.0 3.5 |

B AE 237 ARE Qv S EAde] Y
Hut, @ 228 g 2398 ARE B
e SRR A ¢tEAde] FPHOE KoL
o] gtzdo] 2}k TRk A QtEtA]o] F71E= o)
fre -ulVt E2ESg ode it 2
¥ pitchinge] 2}&Fe] AR F3Fgd= &
2 B9E PR AR FA e vy~ ads
vERZ] W&o 2 AZE.

29 3 @9 Aleg geA A &
29 WEE RAFEY. A AFY Yo
2 45 dHe JFo] g5, BF YET
XM= dH e ggro] AleRAA Ha, gAY F
Froll #Agle] 25 T 23 71RA "4
g QAL AXEE WIAZD W} e o
32 AFe FAFANAN Hart {Hi, FAF
A2 HogrF F7FeHA Hu, 4Fde 9%
A7t 2 "WHE A3 37 saS
4 AlE 4 dae BAEY.

22 g A £x9 AZFd w2 5
W3S ¥ RW, 2§ 49X ge] 2F 8m/
sec F-2oA ST Ho|tirl 8] Frle)
ol AZhs Kszr}l S71He o 4 At 9

a0 k2 —Iy
ke __} e
Ya
T
)
IT\3 J
ol
L.c C 4 ka | ca
| A
Yo Ji
—|_mz2 —
k2 ' %1{1
———  m—
u(t-t2) L _u(t.)

Fig.1 Model of an automobile with five de-
grees of freedom
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elzro] & o] F717} QA E AAlT| = olH
= EE Ede Yo g Rolg Fo|Eko|=
AErt o] Faeolr] W Fojc}, zelil 7} z}
Fol| A o] oretA]2 A E el oFF f’*ﬂé%
ARR-gE bRl M FrbElaL, bH AR AXE-2
ARESE Aol A ASHA ®n. 7] A Bs’]r D
el o] zge] grEbAd o] FARH Q] AR FE o] F+
AL ¥ 2ol Yepd A o] PR FF
g gAY #943R(d=0.25m) FIZeA Az
T7F wz}ar] o ol

I8 5v FEAFNA &xel Py o=
S217re] H3E o OHo R, 8m/sec &

15 -
141 I““AWPE‘*—EWPE—"—GWP!—E—DWPH I '

13
t2 ) =
114 o | ;//f

Percapbion value Ksz
a
L

Passenger Position (m)

Fig.2 Perception value(kKsz) in vertical vibra-
tion accordng to passenger position
and spring coelftficient of the suspen-
sion{Coldmix buton asphalt, v=20m/
sec ) -

Percepllon value Ksz

Passenger Position (m)

Fig.3 Perception value(Ksz) in vertical vibra-
tion according to passenger position
and damping coefficient of the suspen-
sion(Coldmix buton asphalt, v=20m/
sec) -

Aol M 258 B ¥ £x9] JiFog =73
2 ¢ 4 At 10m/sec o]A4}] e oF
&oll 71g AN E 2 A0 48 AW E »E
BT QFEA SEe] FolAn, B3] ¢jEo
= 731 Ao = 43 e E AR o) ¢rg}
dol 7Y F7 dt} o]= pitching®] wAle]
L2 AedHor A% AFHAL +ANE
< HaA7]7] "ol

3.2 pitching2H]| e[at A&t

a% 6, 7, 8, 9+ pitchingo]| &% =2z}
KspE L2, @Y, ggale ¢, £E4 tﬂr

‘—-—Atype—ﬁtypa_ﬂtypﬂ*'—“ﬂ"ﬂtypa !

Ferceplion value Ksz

3 1@ 15 20 25 a0 35 40 45 50
Vaiocity ( m/sec)

Fig.4 Perception value(Ksz) in vertical vibra-
tion according to spring coefficient of
the suspension and automobile velc:city'
(Coldmix buton asphalt, d=0.25m)
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—i— A type —— Elypa — Flypa —=— G ypa
14
E 12
-
= 104
g
= y
3 8
e
b
E
& &
44
-
2
3 iQ 15 20 25 30 35 40 35 58

Veloqty { misec )

Fig.b Perception value(Ksz) in vertical vibra-
tion according to damping coefficient
of the suspension and automobile ve-
locity(Coldmix buton asphalt, d=0.
25m) .
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08 62 #ArpAA e Axa g3t 93]
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do] AE A2y W} QAo v|R|= GO
o =3, 9Fo oFs AEHE ALY -7V
et Al F2-L HoFET ol A
& Aol 37k 2§ pitching9hE 1l 8}
7] W& dojule Ao R Yol gt AX
%2 ARE- & 7390l AFAS pitchingo] o
7 7] ool 2l CHefd A3 A
g A, B, D el9 gL A4F AFdAM ¢t
2do] 71 ymal, gFo g ZAFE QEEAo]
Z71E}, ol A YA 7t 4FoF Ha

I
O

il-i-ArypE —— B typa & C iypa &= Dtype |

\.ﬂ

M
'
A

=
ha ha
| -

—

1

[ 14]
|

Feiceplion value Ksp
m
|

&=
i

b
"

-
Lh

0.5 2 Q.5 1 1.5

 Passenger Position (m)

Fig.6 Perception value(Ksp) in pitching ac-
cording to passenger postion and
spring coefficient of the suspension
(Coldmix buton asphalt, v=20m/sec)
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1%
1.5 -1 4.5 0 0.5 1 1.5
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Fig.7 Percention value(Ksp) in pitching ac-
cordng to passenger postion and
dampint coefficient of the suspension
(Coldmix buton asphalt, v=20m/sec)
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2L, FASAANAM A Belgt C ge) x5
A7t AxE o|FEE, $EY gAY
opelo] oF3 A= H & ARNR-Y -y, 18| HAF
9] oteiA.e UYFd= o3l RABole A £~
=3S AEE o 713 £ A, C e ¢ &9
B, D e} ze] A A FoljolM
QA& 7IA 2R, AY AR & ¢H 7
& A2 ALLFE AlgFo] gl A3k H o
= ogF AXF-E AR RO 2 FEHA
£ 71AA 9o |

28

’ g I—I-A!'ypi —mp H typa == C ypa —&— 0 typa !

hmﬁg

= -
K
E
|
|
|

Furcaplion value Ksp

— -
L1 1]

1-* u
LI

10 15 20 2% 20 35 49 45 50
Valoadty ( m/sac )

Fig.8 Perception value(Ksp) in pitching ac-
cording to spring coefficient of the sus-
pension and automobile  velocity
(Coldmix buton asphalt, d=0.25m)

1.6

—a— A type —w= E type = F typs —&— G type

1.3

1.4

Perceplion valug Ksp

= 10 15 20 2 20 33 +) 45 50
Vaiooity [ m/3et)

Fig.9 Perception value(Ksp) in pitching ac-
cordng to damping coefficient of the
suspension and automobile velocity
(Coldmix buton asphalt, d=0.25m)
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g A5 AdHA FHel Fon, gl Fstn
Ae 4% WHE AR AN dgAel v}
T F3L RAFEUY £ 4FF) AF 2F A
Folel A Azhiert Hdf, dddlA Ha0t o
o @3S HUTL AF FNFNN A E F
% G gele o] vl=d Kspg Uehlie o
e o BHY I 0157 "WEelH.

1% 82 TAMe] Anygest 24 o g
o] M3tsle A BRI Yot A& M %

151
1ad E—-AwFl—awﬂﬂ —-—E:WPH—-H-DWF" i
_ 134 | .
X s
y. 127 |
_;: [
2 117 |
2 10 -
-
3 4
1 —
Oy a
7-
5 :
1.3 -1 2.5 g 0.9 1 1.5

Pasgengar Position (m)

Fig.10 Perception value(Kst) in vertical vi-
bration and pitching according to pas-
senger position and spring coefficient
of the suspension{Coldmix buton as-
phalt, v=20m/sec)

Ferceplion vulus Ksi

-1.8 -1 0.5 ) 2.5 1 1.5

Passengar Pogition (m)

Fig.11 Perception value(Kst) in vertical vi-
bration and pitching according to pas-
senger position and damping coeffi-
cent of the suspension{Coldmix
buton asphalt, v=20m/sec)
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A @& Axgle] 774 FHLEHY, Aoz
T2 oY Amygol 2Fo) od3g w2 o
T ATh &, g9 2XYP4o) g e 1
U4E getgo] PAH T OF we F719.
Kspoll dig B9, &2 A Y 99 A
AR osf g Kspe 10m/sec BT
Al HYE o] FaL, o] HUR e A= 3 o
HNE AHggosH 22U 4 Atk Tge] M
Kspo 2459 73 QY E AlS-E v gusdl
d4aE, % WHE ALY ve 343 TAE
-E3) =1 '

o — o l
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Perceplion value kst
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F1g0.12 Perception value(Kst) in vertical vi-
bration and pitching according to
spring coefficient of the suspension
and automobile  velocity(Coldmix
buton asphalt, d=0.25m)
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FIg.13 Perception value(Kst) in vertical vi-
bration and pitching according to
damping coefficient of the suspension
and automobile  velocity (Coldmix
buton asphalt, d=0.25m)
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Fig.14 Perception value accordng to
roadtypeand automobile velocity In
cormbined vertical vibration and pitch-
ing mode( A type, d=0.25m)
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Fig.15 Perception value(Kst) in vertical vi-
bration and pitching accordng 1o pas-
senger position and spring coefficient
of the suspension on Nacas(Com:-
bined vibration, v=20m/sec)
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