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Abstract

This paper presents theoretical research on an optimum transition curve with smoothly changing curvature using a multiple
clothoid curve for improving the occupant ride comfort of automobiles. At the connecting points between an inlet straight line
and a circular arc, or between a circular arc and an outlet straight line, vehicles cannot run smoothly owing to the discontinuity
of curvature. Especially, the vehicles equipped with a driving support device which assists driver's steering operation or
performs steering operation instead of a driver will increase both unstable movement of vehicle and discomforts of occupant.
Moreover, the discontinuity of curvature in the connecting points makes the control of advanced accuracy of apparatus difficult.
In order to solve such problems, three dimensional vehicle occupant model which is 21 degrees of freedom is assembled, and
the multiple clothoid curve is proposed as a new transition curve. The validity of the multiple clothoid curve is shown as
compared with the case where it is interpolated by a single clothoid curve or by a non-interpolation. It was found that the
influence of the multiple clothoid curve on vehicle movement and ride comfort is superior to those of the single clothoid curve

or the non-interpolation. Some results are presented in the form of parametric plots.
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1.

BRSO E B EIR I E DO —TNE, A—TITEAT DB, AT oY A N, S, i
7 v YA REifs LSO ERRSZR S 26T 5. EEAZO LI ISR S TWiuE, #EliE, 1—7 %4
DNNTEITTHZ LN TE, FEORPEAINT 5 Z L0 AHEL 725 (McConnell, 1957). L2 L7223 5, T
MDA 70 E1E, BEAERE & M L O ERRR O A CTRERR S 4L, Y 1 Y 1 FilifgEsds L OWiH -7
7Y A FE#EREZR LRWGEENRZ. 2O L5 256, AR & MR & OBkt Rds L OMINET & BHiE
RS & OB CHERAN R L A2 0, BN HNSEITT D Z E N TE R (Maleolm, 1979) . R, iHEERE
DAT TV TEMED TIRRCEIEE 1D > TAT T U U FEMEERLT 9 Ein e E 2154 U725 (G,
2015) 1%, EMOIREIDMEIE LAZE L 720, REDONPIENET Z L1225 (UM, 2013). SRRl 5
HROAEGEME L, B L 7o O @ E Ol A2 o LS §75. ERICBWT, HEABERE & MG
B L OWHEHRERIZ T TR SN TWA AR, BEEZAT 200K 20 FEFT, E5%2A L2000
80 HEFTFIET D (b3 X AEhEL, 2007). RARREZ@EERFIC, BEORBZMEIT25 & & big, RFEOR
PR AR 2 Z L IXRAOMETH S, ZOMEICKHT HRIEERRE S LT, flix OFEREBEREIN TS,
zE, FHEO— N L HETIEERERE (LA, 2016) 1%, HEAHERIT 550 O fi £ TIRE A B & Ak
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T DDA ORI LR D X OIER T2 L aRhAT-b DO TH S, B BICH=RE O e
BEETHR AR T200THD. £, BEERT A—F EHEOMERFRICHESNT, #y, B Z7erAo

N IR A2 W T ARAR 7 O 2 OV ETTHNE 2 BT D35S T AT ADMBER STV D (LA, HAT, 2003).
ZDXHITHA OFEMMERE SN TV DD, EBRMICEIE, FHli S 7-@sEmix Rz b,

EHZ O, AT (LA, 2016) T=WOTHW - RERET VARG L, BlDIERIT 556 O fE 1T IEE
FIHIER ZHEEE U, B0 MRS BRI AT 5T OV OR Lz, 856U R L OTE B e Bl o s hfz (LA
&y oy A REifEFrd) 2BL L. EROIEMBIONE, H—2rna VA Nl CHifl Lemae & &8
HUCIRE LEFEICOWTHBRHRE L, ZOFZMEICOWTORLUE. AT, L7 oy (4 Fith#g, =%wooE
il - FEET VOGN EZ TR L, Bl 20 OBRMIRE STk 2 E£17T 256, HEROIERMM DY
A, B2 nm YA Nll#ECHIE L7256 7e & L st U, FilllciRET 2287 v v oA RHfROA 2SN
TEBMITRT. &BIT, Sy a YA FiROVERERZ AT 5 /35 A —% DEEZHOWNTRT.

AW TRET H LY v v 4 REifE, ARy FOBREERFHIBWTHIMEE N KE < abn L)
RELEDAERR, ¥z v b 23— A X —OBRERFHIB W CEREBICERE N E R D0 B 720 X9 e b— T Ok,
RIFT L= 2B TER VIR OREMEZBE LI ETL— NV ORGF72 EICEATE A AREMEEZE L, AW
B OFEFAROBTE & W O BLEA DI T% TEB IO OMOSFICBNTHEETE LI LD EEZLND.

2. Z=SRTEW-FEEETI
21 ZRZTEMETIL

A TH AT 2 B EOERITKROLEBY &5,
X, ¥, z: BRKELOx, y, z FAEL
0, 0, y:BEEELOT—ILA, EoFh, I—FH
Znft, Zm2, Zwrs, Zmed © BURZC, AUEAT, HWw/c, HBAOXRTNEED ENEM
Zey Oey @e: T2 UDETEN, BvTf, n—/ILfA
Xb, b, zb: BN D x, vy, z AL
Xn, Vi, zi: FEEEEESOD x, v, z FIMENL
S, qn: REFIRO T —/LA, T
Fa, Fn @ &2 A YIHEHT 20071, )
Fifsy, Fim 782k, UTHRA Vg o OERT
Fopy, Fom 702 K, UTHAYOIERT)
Fsp, Fsm T2 EHRHO7a > N, U T OERN
Fen, Fon - FEEHAEKMEOZ 0 N, U TOERSD
Wi, we, W, weo BUERZS, AURA, %imic, BimAOX A YO LT AT
By Pn : BIRB IO A Y ORET XD £
O : AiTmHEAEN ) A
R : BRSO FERPEE
v ETHE g : ENEE
W27
n=1: Bi&/E, n=2:§lsG, n=3: RiGL, n=4 HBinGE2 .
FHRICIRET 2217 0 Y o FHEROMEREZ Tl 5 72012, FERfhi A SRR 2 1T S8, 5l
REENZT DIRE L0 Al 5. BmOENCE LT, FlAE, BEmoFmEED GER, Kb, 2008),
(GITRE, 1974) L =IRTIEENCR T AR M OER) 2 B Y - 7203 2 )5 ST sd  CVlfl, 2010),
(G, 2011), (BhA, @i, 2012), G5AK, @fE, 2010). L2cL, ZHHOHFFETIE, EfTEE AN Hm <R
BIZKIFTEETHGEE LTELT, SRIOMEL T L 7-OICEH R ET L TR 6RW. 22T
AT =R HEm-RETT VAR T D, AL 2 5HE (FIL, 19932a) LA $HAK, 2011) OFEAETT
T2 OISEEAT HET NV EHEHAT 5.
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(a) Front view (b) Left side view

Fig. 1 Front and left side view of three dimensional vehicle model.

B 1%, =“WROtEmET VAT, B 1@iERihn 6, K IbEHER 222005 T Vv EZ N EIRT .
HERIE, #HR, =Yy, 7ar b U T7OIFRTEETHRSINLTWS., BRIXET, Af, mitgk, EvT
Y7, v—= BN —o R, U UFET, EyTFrrBlNe— o /ER), (TR TEREILY
aY Nk, VTEADETEESZZNENEEL, EFRIX 13 HHEEOET LVETS. XA4YiE, Fhésy
VR=TET /ML T D, TR EEELITOH TEEOMIE, ThEZ =Bl AX g R7 V7 va
ZEBLTET/MET S (W, 1993). &y F o 7 HEEORNFHEE LD I H ), OEICE Yy F 7
FLAEBRET S, 7ar MBI 7 OBEEEE ORI, B A A — RIKT LIRS %
EBETS (I, 1993a). AT arRT7 V7Y a ricon T, ERNEZE A h A — RO T#
9 (WL, 1993a, 1993b). HDr—Y o FiEEIHEARTLN D NI H, OMEICr— Y > ZE#)oEfEH.C
FRETDH., VI N T UAI vy arvEEDELOEL, Tur bV TOEA 4OV~
NFRR AR IR E X o R—=TET /T 5 (L, 1993a). FEOFEY LMIZRGFTT H720120E, =P 0iE
e BT TN ETH D,

BARD x 1A, y FIE L Oz HROEB T REREAITRNE 725,

mi =Fcosé, +F,co86, —Fysind, —F ,sind, + F3+ Fyy — mHPé (1)
my=Fysiné,+F,sind,+F,;c080,+F ,c080+F 3+ F,+ mH ¢ (2)
mZ=F g+ Fypy+ Fiog +F 4= (Fyp 85004 F 5 + F34) = Fyp 3)

HEOY v F o ViEE), n—) o E#RL0E—o o 7EBO FRAT TN TR E 78D,
1,6 =~(Fyp+Fip0) Ly +(Fiys +F 1,0) L+ (Fy g+ Fa o) (Ly + 1)+ (Faps + Fapg) (Ly = 1gy) 4)
+mg(H ,0)—m(H ,¥)+ Fy - Py

1,8 =(Fpy=F 12) Ty 124 (Froy =F 1) T, | 2= (Fy py + Fy,3) To 12+ (Fy gy + Fy,q) T, /2 (5)
+mg(H , ¢)+m(H,y)—Fyp - P,

Lyi=fysind, L+ f,8ind, Lp+f,c080, Lp+f,,c080, Ly ~f,3-L,~f4-L, (6)
VO ETEE), VyF U EHB IO —Y 7 EHOERITENENRALE D,

Mz, = Fypy + Fypy + Fy 3 +F 5, 7
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1,0, == (FyptF5p:) Ly +1g)+ (F33 +F3,4) (L, — 1)

1,9, =B+ 15,3) T, /2= (Fypp + £3,4) T, /2

R TMTEEICELTL, 7rr MEABXQRY 7ELAD EVE#HZBRL, ThEhikA L5,

mmefn :szﬂ_Flfn (n:1,2)

m,.z :F2rn_F

mrn 1rn

(n=3,4)
YA a VO, 7ar PBIGY TIEENTKATRT ZENTE D,

Fifn = klfn (men - an) +C1fn 'an + a/(n . tanh(2v)(n /xp) (an = 2mfn - Z.fl’l) (n = 1, 2)

Fim = kl}”l‘l (me - Zrn) +cl}”ﬂ 'Vm + am ' tanh(zv"ﬂ /xp) (V"i’l = Z.mm - Z.rn) (n = 3’ 4)

(8)

)

(10a)

(10b)

(11a)

(11b)

22U, ey cimTT AR Y g CORMMERERER Y. £ (1) OF 3L, FARCva kT sy

varEkRL, az=1078N, a, =73.5N, x,=0.0lm/s &%, (FilI, 1993a, 1993b)
EAYOERTTE LT, 7y MBI 7Tk 5.

Fy =k 5y Wiy = Zygi) 2 5 (Wi =Z ) (n=1,2)

F12rn =k2rn(wrn _Zmrn) +62rn(wrn -z mrn) (n=3,4)
TV LB EEET IV hTOT Y EBEON T OERINFKRKE T 5.

Fs =1 4y (Zopy — 23 ) FC o (Zo —Z3 1) (n=1,2)

E’)rn = k3rn (Zern _ZSrn) +cern(z‘ern -z 3rn) (n=3,4
ZZT, B, D, By, DDEEATS. ZHRHIFRATERTD.

El :Fxl COSSf +Fx2 COS5f _Fyl Sil’l(‘)‘f _Fyzsinéf +Fx3 +Fx4

X

Ey=— (Fip1tFp2) Ly +(Fyp3 +F0) Lo+ (Fypy + Fypp) - (Ly + 1)+ (Fyy3 + F3,4) - (Ly =1 )+ Fy - By

Dy =(Fip1=Fip2) Ty /24 (Fy3 =F1,4) T, 1 2= (F5 0y + Fay3) - T, /1 24 (Fy pp + F3,4) - T, /2= Fypy - B,
THEE, §, 0, ¢ FRATRTZLENTES.

.. 2

= {Ey 4+ mH (B, +mgH 0)/1 V- (—m-H 2 11,)|

5= Dy +mH, -(Dy + mgH,$)/ 1, /-1 =m- 1,7 /1,)|

i &%—kmgﬁ%@—fﬁjﬂbbp—nrfﬁf}

¢=&5+mya¢+Hsz&r—mJLﬂ
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Y2 g COHEMAIEFE A7 oy hB IO T OREE IR E D,

zp=z—L;sin@+(-1)""1/2-T;sing (n=1,2)

z, =z+L, sin@+(=1)""-1/2-T, sin¢ (n=23,4)

TV UIFROFERUOT B FEB IO T OEIEIIRA THHHhT I ENTE L.

Zy =2—(Ly +1,0)sin@+(=)""-1/2-T,sing (n=1,2)

Zopn =2~ (Ly —1,)sin0+(=1)""-1/2-T,sin¢ (n=3,4)
TV EFERDO T v NEB LN T OEEIIIRR L 72D,

235y =2, — Ly +1,5)sin6, +(=1)"" -1/2-T,sing, n=1,2)

Z3n =2 + (Lo —1og)sin6, +(=1)"" -1/2-T,sing, (n=3,4)

(22a)

(22b)

(23a)

(23b)

(24a)

(24b)

AETIE, HEEPERIT 2 & & OB RE L BT 572012, BHliD X A ¥E7 /L idMagic Formula® 1 ¥
E7 /L (Pacejka, 2002) % T 5. Magic Formula® A YET /LTI, #A VIZB< mitk /), BT Z A YDA
U w7, BT R0 A, BEHITERICKIFT 5. XA YV A XIX195/65R15 U LA R6J L L, /INLTFIRT A—H

OfE (Cabreraetal,2004), (BEVEEMNTSH, 1996) Z@EHAT 5.
FEMIEE & Efief, B AOBMRERD D RO L D125,

B 20%, EH0DRICHmET VAR, BIRORTRED), AAES), 33— > /), mRELOMED A,
HHAYIHERTDRER D 4, i, B Eamd. RERMAE & Bkl L URTHRAAIROBRIC OV OR T

ETNTHD (g 1974).

\

// R

Lf Lr
Of %r 2?1 B4 =
T4 Fe2| F¥ g v  FoT Ty
p T

ﬁ’ ,‘183 F'y3
7 =
87§ ! F'z3 —

E 7

\ Yy /

R

Fig.2 Geometry of a turning vehicle.

A L ORIMOBIR Y 13, ThThRATH LTI LNTE S Gk 1974).

B =5, —tan" L, —Rsin)/(Reosp—T, /2)}= 5, + B—L,/R= B,

By =8, —tan""{(L, —Rsin B)/(Rcos BT, /2)}=B—L,/R=p,
LT ERETIDETD BV D,

M,V IR=2K B, +2K,B;+dC,/dB-B-p/2- SV
2K,.BsL, —2K ;BiL, +dC, /dB-B-p/2-Sv> (L, +L,)=0

K26), K@NIZB,, B Z#RAL, ThozEHTD L, BRIV, FRALRD.
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My L, /L, +L)-114.6K L
ﬁII/R'{ t f(f r) r=r (28)

dC,/dB L, (L, +L,)+dC, /dBjp/2-Sv* +2K,

§;=573/R-(L; +K,L, /K L, L)~B(A~K,L K;L)+1/2K, (L +L,)/L,-dC, [dB-B-p/2-Sv* (29)

1L, KR CTHEAT2EERORSOMA & FHEFETERT (L, 1993a, 1993b).

Table 1 Vehicle specifications.

Symbol Definition Value Units Symbol Definition Value Units
m  |Mass of sprung (without engine) 1320 kg Corq |Dampingoftyre (rear right) 490 Ns/m
My  [Mass of unsprung (front left) 42 kg I, |Momentofinertia (rolling) 640 ke
Mgz |Mass of unsprung (ffont right) 42 kg I, Moment of inertia  (yawing) 2072 kgmz
m,3 [Mass ofunsprung (rear left) 39 kg hp  |Pitching moment arm 0.300 m
m,4 [Mass ofunsprung (rear right ) 39 kg h, Rolling moment arm 0.080 m
I, |Moment ofinertia (pitching) 2218.720 kgmz hg  |Height of center of gravity 0.490 m
Lo  |Wheelbase 2.68 m Engine
Ly Length from center to front 1.309 m m, |Mass of sprung 290 kg
L,  |Length from center to rear 1.371 m I, |Momentofinertia (pitching) 40 kgm’
kg  |Stiffiess of suspension (front left) 24010 N/m I., |Momentofinertia (rolling) 39.840 kem’
kysz |Stiffiess of suspension (front right) 24010 N/m kep [Stiffhess of engine mount (front left) 285000 N/m
krs |Stiffness of suspension (rear left) 22834 N/m kege |Stiffness of engine mount (front right) 285000 N/m
k-4 |Stiffness of suspension (rear right) 22834 N/m kers |Stiffness of engine mount (rear left) 75000 N/m
Ty |Tread (front) 1.455 m keory |Stiffness of engine mount (rear right) 75000 N/m
T, |Tread (rear) 1.455 m T, |Tread engine mount 0.240 m
ko  |Stiffiess oftyre (front left) 196000 N/m lo, |Length from front to rear mount 0.930 m
kg |Stiffness of tyre (front right) 196000 N/m ley  |Length front to front mount 0.005 m
korg |Stiffhess of tyre (rear left) 196000 N/m leg |Lengthfrom front to engine center 0.165 m
korq |Stiffness of tyre (rear right) 196000 N/m Cepr |Damping of engine mount (front left) 2100 Ns/m
Czp |Damping oftyre (front left) 490 Ns/m Cegz |Damping of engine mount (front right) 2100 Ns/m
Czzz |Damping of tyre (front right) 490 Ns/m Cerg |Damping of engine mount (rear left) 80 Ns/m
Czorg |Dampingoftyre (rear left) 490 Ns/m Cerg |Damping of engine mount (rear right) 80 Ns/m

F21%, FERAAE & e, SR D A OBIRZ K 2 BRI W RE S ORI LIS LU 2”3 (U,
1974).

Table 2  Specifications of vehicle turning.

Symbol Definition Value Units
M Total mass of vehicle and passenger 1824 .5 kg
K, |Cornering power (rear) 9269.4 N/rad
K; |Cornering power (front) 8426.7 N/rad
dcCy /d B|Coeflicient of aerodynamic lateral force 0.03 1/deg
dC,, /d p|Coeflicient of aerodynamic moment -0.03 1/deg
P Density of air 1.225 keg/m’
S Cross-sectional area 2.16 it

2:2 =RTERETIL

K3 FEEET /L @A, 2011) Za-d. X 3@2FiEo 5, £72X3G)BEMmNS Ri-ET Vv ERT.
T B IS L EEE OER) xR &35, JRIRERRS L OSEEIIIENE 2 A L, AR EARE o BT il 2
VoR—THHET . IREREIIEEAEO R P & OIS, fiE, EABIOETNOIRRE X v _R—% RO iR %
BET D, BEBIEMICH LT, BT, mitk, AAOE#E G P EIVIZe—Y V7B IONE P EIDIZE Y F
VBB EATHETNET D, BHEVEOIEEEE) A B E LT CIISRB 0L M OER A AL T HET
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JVISVEETH D, AT, IR Mo EZ 25 2 LIk v, BB, arssA e, %
FEARIBERS, 4B AIEERS 72 E XA EICRBIT DINENEHARER VAT A 295, FBEET NVORBENMNEITAIE /AL
1, BisA% 2, ®BEAEE 3, BFifAx 4 &35, EHTUINo., 2, 3, 4 FiETOEGBAFLEL WD

73
—\
Zh Zh
Yh _|xn
frn | kps 71 | kpz |72
Fan Y p f: A.p
—__Pr N\—Pp)
C p6 Cp2
cpf p cpt
P ]Cpf pEE ke pt

(a) Front view (b) Side view

Fig.3 Front and side view of occupant model.

BAEHEHT TIE No. 1 12T SRR E . FERBEOEIEL, HERO LT, o4, ik, EyFrrelt
2= > 7HENC L0 REORENEDOEIENIACT S, REMEOELRL, ThThklLRs.

xpn:xc'g+(Hp+Prtz)9 ypn:ycg_(Hr+Bzz)¢ an:Zc'g+R'ty¢_sz0 (n: 1a 3) (303)

X =Yg H(Hy 4 B0 ¥, =Yeg~(H AP 2p,=2,~Fpd=Ff  (1=2.4) (30b)

22T, (Pu Pu, P) (n= 1, HIFHEEFELNORENED x, y, z F A OHREAZR~T.
e B R OEB) AR A L 72 5.

(mb +mh)jéh :2kp4(xp _xb)+2Cp4(xp —Xb)+(—cp2 'q.h _kp2 'qh)/r4 (31)
(my, +my) ¥y, :2kp5(yp —J’b)“‘chs(j/p _.).}b)_(_cp6 fh _kp6 “Su)lrs (32)
myZ, :kp3(zp —Zb)+cp3(2p _2b)_kp1(zb _Zh)_cp1(2b _fh)—(—cpz 4y _kpZ qp)/rs (33)

Fe BEE OEE) G EAUTRO LB Y.

myX;, = (—cp2 4y —kp2 “qp) ry+my [(my +mh)~{2kp4(zp —xb)+2c‘p4(xp —xb)+(—cp2 4y —kpz 'qh)/r4} (34)
my Yy =—(=Cp fr =k pe - f) /1y +my, [ (my, +mh)‘{2kp5(yp =) +2¢,5(V, —3p) —(—Cphg f —k 'fh)/”s} (35)
mz, :kpl(zb _Zh)+cp1(2b _2h)—(—cp2 "G _kpZ “qp)/ 13 (36)

FEEEH O v F - /EEB L0 n— U > ZE# O G RERATRA L 72 D.
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L Fy ==+ fn— ke - fi 4 my Ky + ) i 2K s (0 = 93)+ 26,5 (3 = 3) = (=€ o~y fi) 5] BT)

Ihpiih ="Cp2 4 _kpZ “dh +{kp1 (zp _Z]1)+Cpl(2b _Z.h)} 3

. . (38)
—my, (my, +my) -1y 2k 4 (X, = %5) +2¢ 4 (X, = X3) +(=C 0 qj =k o "111)/”4}

A CILAEENLE DAL KT U CRE OEIBBEM LT WWET IV E L, BIEIEE LT 2 7291280 Lz
F31%, AR CHEATARBETAVOIEDER, HHELIOHAELRT K, 2011).

Table 3 Specifications of occupant.

Symbol Definition Value Units | Symbol Definition Value Units
mp  |Mass of body 45 kg Cp3 |Damping seat suspension (z-direction) 1120 | N/(rad/s)
mp,  |Mass of head 75 kg Cps |Damping seat suspension (x-direction) 600 | N/(rad/s)
Iny  |Moment of inertia for head rolling 8.3x10%| ko Cps |Damping seat suspension (y-direction) 400 | N/(rad/s)
Inp |Moment of inertia for head pitchinging |5.5x107 kem® Cps |Damping of rolling for neck 1.20 | Nm/(rad/s)
kp1 Stiffness of neck 40000 N/m Tpr | Vertical length from head center to rolling center 0.10 m
kpz |Stiffness of pitching for neck 15 Nm/rad Tpz |Vertical length from head center to rolling center 0.10 m
kps |Stiffness seat suspension (z-direction) 96000 N/m Tp3 |Horizontal length from head center to pitching center 0.05 m
kps |Stiffness seat suspension (x-direction) 22500 N/m Tps | Vertical length from body center to pitching center 0.20 m
kps |Stiffness seat suspension (y-direction) 2000 N/m Tps | Vertical length from body center to rolling center 0.30 m
kps |Stiffhess of rolling for neck 20 Nmy/rad Py, |x-coordinate of passenger 1 from vehicle center 0.20 m
Cpr |Damping of neck 2000 | N/(rad/s) | Ppy |y-coordinate of passenger 1 from vehicle center 0.40 m
Cpz |Damping of pitching for neck 0.9  |Nm/(rad/s)| Pprr |z-coordinate of passenger 1 from vehicle center 0.03 m

AT, EMICRAETAMBTREIQEELEZ A0 LTRENH Y, BELE LTL, VAT AGHEO
T DI ELIE R A BT 5. ESXIEKEIL f = 0 CTHRRIEZEN z(x) 8 L O EAEN ORI 2(x) 730 L7258 X
TR LT 5 (P, 1993a).

a 2mx
z(x) = E{l - cos(T)} (39)

2, a: BiRE LR xo EITHREE
A (39) ZAEH L CEESERMEZRET 5. £z, X (39) T O EEIRIZENL 2 A T) U TS S B Rt 2
D, 61T, WELEOBRGFHIIBWTIE, BroMdh (i, 1993a) 25T 5. KR 2 BT 5 EE) T
FEAUTHENT 21 520 2 BEE B HREXOPIMIERIECTH 5. BRI XV 42 58 1 BSEN oy HRE S Ui
fENT9 % . fifE & L C Runge-Kutta-Gill VEIZ K 0 FFEI A 7 v T OB EH & Z OWIREOMEE RO 5. FHHE & I
81 0.001 Fo & L, EEFHHEILEEE TIT .

F 41X, BdEfRET O ETRT. BOLEND TEA~LETIND. R AT AE, AT, fRAHS, 7—
2 RLERER,  SREHENTERRS SO T ORER ST 5. ST BICEE L2 0RE . ATIRTI, &
1THEE, HfRET, FHFE7T, Magic Formula /NCT/NT A —4 GHREZ|A0E, FHFEMD K LA, FI5%M:, =
DA IESRILE DOREERERARE, i DML T — 2 78 ERUERRAT I LB IF R RE OISR 2 AT 5. fifbT
ECI, HEMOMERE, BEmOMMIMORRE, figcs 4 O BERE, HEENAE O L OVEMEEOR
H, BAUEEDOE R b A — ROGHE, BAUEE ORISR, Ay a RV r7vay, {fEHAO
AR (AR ay, ZAY, moUvwyr ), ETROEER IR OFE, BEEORT R AOFE, &F
A Y ORET RV AOFHE, AimEfE AT, &% A YIHERT 2R o Ot E 2 FancFZE L, 42 o1 M
ST TR A AT T 5 . FUEHAEEE CIL, INEERE, IUINEEOFGEHLEEEZTTS. Z LT, HITIE, 77
AT, TV NHAEAT .

B 41x, ETEE v =1mis & ULIBEGEOBAIZBWT, N 39) TrREND HEIEZKEL (@=0.1m ,
=20 m) ZEWOLMFT R, A4S L O RIRTEER T DL 25512 W TORGEHE RO—Fl 2R~
. ZOGSIEKEOMMIBE LRV, REBFIONIE, 2438 X0 E TR ORRZELEZRT. X 4(a)
I, ZEiE A e AL 2 EnCIR VB L L= A o ER R A ~T.
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Table 4 Flow of numerical analysis.

Part Proceeding items Reasons
+ Vehicle speed
+ Vehicle specifications Table 1, Table 2
Input part - Passenger specifications Table 3

+ Magic Formula parameter

+ Time step

+ Number of cycles

+ Initial condition of variables

+ Determinate vehicle position

- Interpolate surface roughness ofa road
+ Determinate coordinate of four wheels

« Calculate displacement and velocity at supporting point Eqgs.(22)~(24)
+ Calculate piston speed of suspension

+ Calculate viscous damping coefficient of suspension
Analysis part + Calculate forces acting on suspension, engine mount and tire | Eqs.(11)~(13)
+ Calculate suspension friction

+ Calculate curvature 1/ R Eqs.(40),(41)

+ Calculate

+ Calculate 1, B2, f3and f4 Eq.(25)

+ Calculate front wheel steering angle Eq.(29)

« Calculate of Fxand Fy

+ Numerical computation Eqgs.(1)~(10)
42 simultaneous ordinary differential equations Eqgs.(31)~(38)

Data + Calculate displacement, velocity, acceleration and jerk

processing part | ofeach variable
Statistical - Statistical processing of acceleration and jerk

processing part | (minimum, maximum, root mean square)

Output part - File output

+ Print output

ATmANSSEIC R Y B35 LRBEAEIO LT MZAIT EA L, Aifai2E 2RV iz 5 & —HE T 5. 201,
BIMANZELITIRY LRV IRD D &, BEITHOLER L, B8z m@mad 5 &, W T LD 5. £k
i, LTV RIS KOZEAHTAZBAITERD Hivav. X 4b)E, ZAAWmAFRRHIZEE 2R Bl
L7 BB OR R R 2R T, B2 ZSRI2 R Y 35 &SRB O L FAmAMIT LR L, Ailm 22 25 0
A5 & —HETTS. TO%, BRIk L2005 L, BERITHO LR L, WSk zmEad s &,
SHEBIIRE T LAY 5. Z0#%IE, HaE LT <. JigEG MR LOEATMEMITIEE A RO B0, X 4c)
13, EEAANRTE 2 TR L LI5E ORI ERMRZ R T. Blm 8o L3 % LRI O L5
N AL, RS E2R VA D &L —HRETT 5.

0.08 0.08 0.08

—_— —

0.06 — 0.06 — 0.06 —
N — |\ =
0.04 0.04

s - —y
-E— 0.04 / \ /\ —_—7 ‘E’ g / \ //\\ — E e
= = =
v
E 0.02 5 0.02 AN g 0.02
a 2 a—7 s a 1 /\z'/\’vs 4 5 a 1 2 3 4 5
-0.02 -0.02 \/ -0.02
-0.04 -0.04 - 0.04
Time {sec) Time (sec) Time (sec)
(a) Leftside (b) Both side (c) Rightside

Fig.4 Time history of displacement for occupant head.
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Z D%, BIWAZGEICRY LR VIR D &, BENTIHEO LA L, R sSEAmiEd 5 &, BT T LAGD 5.
ZOHIL, e LT Rk L OVEA IOV T, b B3890 bz, FBALE I No.l 7=
OARIRTER R VB L OBEIIN 4@) & L TE— 2 EAVNS 70D, ZOf, IR, BB R
CHli 2 ORGEZ F2fn LA ZMMEZHERE L7z, PLEO X5 ISR CTREEE L7z =koc il — R BT 7 /W =Rt D
BREDRATRE T ) EHIHET DEA AT 5ET LV ThL LWV D, RET NV EZREUROBFHIEH T 5.

3. #EMehiR

31 ERRORIhiR

K 5IEA S5 B, CERETD EA~ORKZTRT. AB BIZEARES, BC BT R MO 4 430 1 O,
CD FHXEANHR &35, AB M OBRES L, BC RIOMHEEZ L+Ls, CD MOMRELY Ls &2 &, 5 TR
EHRECTRTEXG6 L7 D. RERIIERE HORIIHREEZ RS, R OBRIL UR=2Dy LT 5. B L LA B
FELZm, T78bb B ABLIONC A THEMEITL0 1D 2D & FEFHIEET D, 20 B R C AE Bl 80
R 5 &, EROAEGHED B B OO A FR OB TS L < 2D, S DI =R L¥
—DWHE LY, FBOYTIEREY DHARESS Z L1225 (Fifl, 2010), Eamh, 2012). K6I1rT LD
IZ B AR LONC RIZB W THIEERAIEEE I CPR B2 T 5356 2 M (Non-interpolation) & B9

1/R
C
2Dd
R
A B o D
A B L1 L2 L3 L4
L (
Fig.5 Traveling route. Fig. 6 Curvature of traveling route for non-interpolation.
/R /R —[— e
A B (o] D A D
L1 L2 Ls L4 L4
\ K ‘ | =
Fig. 7 Curvature of traveling route for single clothoid curve. Fig. 8 Curvature of traveling route for multiple clothoid curve.

X 7 1%, X6 OEREZ BT 572012 BABLOC Ao 2 —KEE THE LIZSETh 5. MIRT
K OZHRRER L1, Lo, Ls, L& L, Bi, CRO—REEZEZ BLIUOnEB., W% 1/R=2DsL L, —IRH
BOMEX DORNERDDH/INT A =2 A, BT D, T5&, WITRTEHEAD LT T 5.

DdX+Dd—qu, )gz—DdX+Dd
a Aa Aa Aa

ZZIZ, D, =1/(2R), A, =K(Ly+Ly), R=2(L,+Ly)/x

KII—RBEMOAR 2 FETMETH 5. KTITET L HICB ABIOC AICBW TSR A EG CHiT 2544 1
—27nm YA Rih#j (Single clothoid curve) & FR7.

X 8 1%, B X C A COMROREGHEL AN T D720, HFRE 02005 2D £ THEFRANCELT D LI
TRLEZLOTHD., HIZBWT A IEB AHDHWVNE C AIZBW TR OBHROARLO K/ N R /3T A—H

Y, = (Li+Ly+ Ly + A4,) (40)
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THD. ADRENIEEROAEINTNEL 2D, XIIBEIEREZ R, BRI L 9 IZHEREA L, L, L, La
LB, BRABLOCHRDOBEEkE Y L38<. W% 1/R=2D. T 5L, WATERFTZLENTXA.

Y = D, + D, tanh( 2 X) (41)
A

*
a

22T, 0L X<LitLDOA1IX=Xi—L1, L+l < Xi<Li+Lo+Ls+LaD¥A1IX=—(Xi— (Li+Lat+Ls)), Ad=K'(L2+L3)
L35, X 40) 1) T8 DAs, ASNTARERET H/NTA—=ZTHY, K, KEAREET 5. £z, K
(41) TRINDFRFIET, FFRICBOTERICIRET 508 F R TH 5. X @) 13MITRICHMEE S fThe
BT H Y, B U ESETEICR D D Z LN TE D, KBITRT L D IZBAB L OCHIZB O TN
B ONTHEGIIIE LT 255527 1 Y A Rilift (Multiple clothoid curve) L #79™. v = L— 3 Ui ©
i, Flx OFEAZBIEERTRT 5 Z ENLEEND. MR O AEGEE 2 AR T 5 72 I ERR & PN, FI5LE P,
MM & EAR A BT D BRI Z ORISR AR iR & U CHATAUZAET TG O #h SR O ARHLGE AR © & v
DONEPHFFTE 5. ETo, BRI Z & T B TR & M0 E1TT 256 OEITREE OBIEMEIZ DN T HRET
L7zhER, M TR TH -T2,

3-2 RIMBEIRDLE

51TV THERPEEE R=50 m, HEAERE 12.5 zm, M5 25 nm, BEHERRE 12.5 zm, EFTHE v=40 km/h,
HEOMME B, BHim0%iEs a4 RfROAESREE K = 03 OBFEICOWT, Bliao “fdebh
AL, H—2 1 VoA R L O%E s 0 Vo R OWTHIRT 5. Z@ 7 v vV Rl o S8R K*=0.3
I, AfdE BT 5720120%, -2 1 YA FilifROBEE CITAEMRE K=0.16 &£ 72 5. FERPERPED-TH,
H—rn YA NifROLAE L L7 vy A KROS5 O ABUREIL KIKE—ETH 5.

3.0 3.0 3.0
25 —Body-x 25 —Body-x i —Body-x
- —Body-y & 55 —Body-y o /"\NV\ —Body-y
é 20 iy é : — Body-z é 20 / \ —Body-z
c: 15 c 15 | £ A5
2 S g / \
S 10 S 10 S 10
2 g i / \
) 0.5 2 05 | g 0.5
0.0 T Y 0.0 0.0
0 5 10 1 0 5 10 1‘5 0 5 10 45
-0.5 -0.5 05 L :
Time (sec) Time (sec) Time (sec)
(a) Non-interpolation (b) Single clothoid curve (c) Multiple clothoid curve
40 2.0 2.0
30 —Body-x | 15 —Body-x —Body-x
: — - 15 —Body-
ey j Body-y J y-y
20 s 1.0 1 —Body-z 1.0 " L —Body-z
—pBoday-z
5); 10 Y & 05 ||J M ﬁ J J =~ 05 M A J J
E : BN < LITAAH R
S 0 P £ 00 E 00
e 5 10 15 e X
510 S-05 | 15 505 —H ] [ i
| [PV
-20 110 | ,I 1 -1.0 I Vi
-30 -15 -15
-40 -2.0 -2.0
Time (sec) Time (sec) Time (sec)
(d) Non-interpolation (e) Single clothoid curve (f) Multiple clothoid curve

Fig. 9 Comparison of numerical results of acceleration and jerk for body among three types of transition curve.

9 1%, RRIEEEEST LR T EIRAEEILELE & ILEE O MZE L E, “FOERMR COLiE R~ T
X OB IIERE, FEIIMNEE 259, X 9), (dIXIEMBOEE, K9b), (eI —7 1 V1 RihfroE
A, K 9c), DEZEY vy A REROSGAETH 5. FEMHOEA TR RICIN T, R y FadEIz B0
TE—7ERBAETD. S6I1Z, MIEEIZOWTIEREINWE—ZENREL S, ZORKILIINS ORIXER L
MEMOBER & 72 0 R ARG UM ER R EWVEL 72 5720 Th 5. H—ra VA REBROEA b FF
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EARER & H— 27 v Y A R ORI WO TEEERRE V. —F, Zdr o Yo N0, HER
a:jE}x IOl THOLMIEE LTV, X 9), DEHET D EZH T 1y A RIEROEAIL, y HFAIIIGEE
HONENT S,

X 10 1%, f&EEZ AT LIZREOFEERO &y T4 & o — LA NGEE & NIGERE ORI L2 7”3, B D Il
SO, 35 L O & B~ OB 285 & IR OB A 13 e — VAN & s 3k &
< 72%. FHERY v F-FNIEREE & DN B X S B 2 R SRR T & 2

10 1.0 1.0
&8 —Pitch angle & 08 —————————————— —Pitchangle — ‘@0-8 —Pitch angle —
? 6 —+— —Rollangle E 06 ——————————————— —Rollangle — 8 0.6 —Roll angle
= < 04 C 04
c
g, £ 02 | | | 202
3 0 - T 00 -'WW&,WVWW %00
[ © Q
S 20 5 10 15 8 -0.2 | o) 15 802
© © ©
. =04 =04
R 3 .06 206
fai = c
< -8 < -0.8 <-0.8
-10 - -1.0 , -1.0 :
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S 30 % L , |
g o . - 5 4 3
: .50 £ 10 15 E 2 = 2
< 5 10 15 p
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< 250 L —Pitch angle < 5 < 6
300 | —Rollangle 8 -8
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(d) Non-interpolation (e) Single-clothoid curve (f) Multiple clothoid curve
Fig. 10 Comparison of numerical results of rotational acceleration and jerk for head among three types of transition curve.
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Fig. 11  Comparison of numerical results of acceleration and jerk for head among three types of transition curve.
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Hi—2r a4 RHEEROSE BTN SO B SO BT, E— 2 EB8IH S5, %@ a4 Rilifo
BRI o X ) BRI RZ T O, K 10e), DELET S E, Zdir a4 RifroOEE T e —v A0
HEEAMRD T/INE L,

110, B2 1T U723 BEEINERE & IR ORI (L Z2 /R 7. B E MO8 I BT 580
BRI TN & MR SR & < 72 5. FEMR OLGG I TR CBERE RUCHEARE & BUHFFIC B — 7 AR R T i
5. H—rua VA FIROGERBLOZE 7 1 VA RE#ROGEIZ O T, TREHOGE & AEORHEEZ R L
72. X9, 112825 EFHMEMIFEmOMMIER LzbD LB bD. Eaitk O 7 2800 E
HOMMZ LA HAROE y F o 7iEd) & fEREENC BT 2 HEOr—Y V7B L 0E —A ¥ ZIEE N HR DRI
FEOEEZFHERE L, TORBILIDLDEEZLND. HFRIOBAIE— 7N REVMEL 22508, Bifitrfii
HrCIEFHRZI AR X > TREIZEENT 2 O CHEB RICITEE 2 HFHRITA L Tu7zu.,

PbEX v, EMEEAIEMEOSA LV H—27 vy NS X260, SIS EREL-ZE 7 a YA K
HIFRIZ X DR O S S BEE I BA MR 2RO 5 Z LN TE 5.

3:3 ETEEOFE

[ 5 OEITRRIEIZIBN T, FEREER R=40m, BEABERGS AB=10 rm, M50 BC=20 xm, BLHEREH CD=10
am, BKEOMNMEZERE, S OARMREE S 7 0 Y A RifROSIT AR K'=0.3, i oo %
—ETHDITIE, B n VA FiROGSITAERE K=0.16 & LT, EfTHEN v=40, 50, 60km/h D
BNTONT, B O Z“FEORER B DWW TS 5. I EE S A SE2EAL D Szl d 5 £ To%
BREZ) DD ms  (root mean square) fE CREAMid 5.

X 12 1%, BYAEL, FBARAES & SEEROTAILEREE & IILEE IOV CORT. £72, BRI & FERX o8
e ORERHRIEMI OBA Non), H—27 1 v A REEROBE (Single), £ 7 1 vV A NifRO54 (Multiple)
[ZDWTHIELTWD. X 12(a), (b), (c)& BITHE L7 2R3, EfTIEE AT 2 &M X —ERIZEm
T AMEMZRT. BETEEIZBO CTREMERSIEFHME OB AN “H O C—FIMEEITEHL< 725, KW TH—
sua A NhfR, 2L TEiE7 1Y A FHBROGEN—F/NSWVMEE 725, —RIZ, ETHENRELS D4
EONHEE rms ERAKRE 7225, MR AIEMHOGEITT X TOREIZB W TEVEZ R L. s
MM O A OHEAREL, FEIRAES, FEIEAMTIEE ms iz 1 &35 &, v=40knm/h ORI, FEFh
WP H—7 1 VA FEBROBGATE, BT 089, FEIL0.87~089 L70d. 7o, MEMERNZH 7 0 VA K
BROLALT, BIRIX0.85, FEIL083~084 L7225,

4.0 4.0 4.0
&35 A o35 - o~ 35 pd
230 . 239 A <30 A
E ~ E o~ £ P
=25 - =25 = | T25 =~
220 S | £ 20 x I /’I ]
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Fig. 12 Effect of vehicle speed on vehicle and occupant acceleration and jerk.
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v=>50 km/h OFEX, fEFEERHE—7 vy 4 RifROS5E1E, HEI$0.90, FEIL0.89~090 &72%. £/, #&
FOfifR 27 v v A REfROGEIE, BRI 0.85, FEIX0.84~0.85 L 725, v=60km/h OFEX, FEFIHIHR
H—r oy FHfROSAIE, BAI20.92, FEIL090~092 L7425, £z, FEMhRALE 7 0 Y 4 FillifRo
LAY, BRI 0.86, FTEIL0.84~085 L7225, fEoT, EITHEEN 40~60 km/h (ZxF LT, FEfghiga H—2
o YA NEifRE LB A1E, BT 8~11 %, FEIE 8~13 %, N ms EIXER L=, —F, &Rz %
W7 a YA Rl e L2580, BIRIT 14~15 %, FEIT 15~17 %, N ms EIIRR L 72, Fix OETH
FEIZRNT, s n YA REROEMERED S5,

12(d), (e), (DIF, HAKE.L, FeBEARMAES & SEERORA MR IZ OV TORT . 12(d)i1%, HARELOR
7N 27”9, FERE OSBRI REVMEZ R LTz, BN R D 72 D IS I B W T e — 7
DFEAL, ms lHHIEKT 5. X 12(e), (HIFFEENVRES & B ORT FMIGERE 2 7~7°. IR OGS OKEHO
DILEE 2 UL 95 & v=40km/h D& &, H—7 1 V4 NHfROEE, HIRIE0.046, FTEIL0.88~0.89, Zil
7 a YA REfRO%E, HIKI1E0.039, FTEIF0.55~0.56 L7e5. ETHEEN v=50kmh DL X, H—-rno YA
RNHRROEE, HIRIE 0.057, FEIL0.89~0.90, L7 1 VA Rh#ROSA, BRI 0.047, FEIT0.75 725,
v=60km/h DL &, H—rn v 4 NHfRO%E, BRI 0.073, FEIX0.97~098, Ziir o V1 RHfROEA,
BRI 0.055, FE1X 093 &5, MIMBHEIZOWTIE, FEMMOSHA OBEROENEZFICRKE VMEZ /R LT,
Z ORI, B E Ao AT HERA R L L, ZH D DS TOMSENRREMEL L 5720 TH 5.
FEICE LT, JEMIBOHA O ONMNGERE 2 UL 2 LiEfdhiR a2 i —7 o v 1 R e L7254,
v=40km/h D& X 11~12%, v=50km/h D& X 10~11%, v=60km/h D& X 2~3%, FEfmfiRzLEr oy (R
fif & L728580%, v=40km/h D & X 44~45%, v=50km/h D& & 25%, v=60km/h D& X 7%, HINLEE rms
EIEIR U7z, IR ICB L TH 2y 1 Y A RE#ROGE OB BRI Cho7=. HENEOR Y LA/
FHTHERE LT, MEEOMIZIIINRED ER5 & RRIZE > TRIREIZ D72 b AREEZ R LTS (HiTH
fitl, 2015), (L=, 2003), (Ffh, 2000).

3-4 WEEFEOEE

1313, FEEPERA RS “FOLGE OETRE 217, AB XN, BC XML, CD 1B HEHRES
LT 5. FEFPERIT R=30m, R:=40m, R=50m &9 5. [X13(a), (b), ()P A sin>5 D slE TOEITHEELR
— L5, HIVEITERRS A SUTHEAL D SEBHT 5 £ TORRLNCET AEO ms BTG 5. Afdtk
B —7 v VA REBROGEILARRE K=0.16, £l oY A NiifOHE X AR K'=03 &35, &7
WX v=40km/h & L, BiEOMMESZEST 5.

B D
0]
0] c 4
Rz
R1
A B A B
(& Ri=30m (b) R=40m (¢) Rs=50m

Fig. 13 Traveling route (Ri=30m, R>=40m, Rs=50m, AB=7.5 7 m, BC=15 = m, CD=7.5 = m).

140%, BEREPEEROEST AR & AR EE L RIE BN OV ORT . BUREL, R BIRAH & SR 71
DGR & AR EEIZ DN TR LT D, 7, BRI & LXK OB sl 2l JE 054, BH—
suayA Rihfge LI25GA, Sy oy A RiifRe LIESEAIZ oW TR L TS, JERPER R B REL 2D &
B ONLEEE rms HIT/NE < 725, BEENIEMHOGEIT T X TOLEEIZB W TREVEZ R Lz, fEFlig
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Fig. 14 Effect of radius on vehicle and occupant acceleration and jerk.
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Fig.15 Time history of acceleration of vehicle and occupant for different K.
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