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Abstract

Recently in Japan, the number of traffic fatalities and one of traffic accidents in
automobiles are decreasing, however, the number of fatal accidents remains high and
society-wide efforts to reduce traffic accidents in society are necessary. Until now, the
spread of passive safety technology and vehicle motion stabilization control technology have
greatly contributed to the reduction of traffic fatalities and traffic accidents. In recent years,
from the expectation of the effect of reducing traffic accidents, the research and development
of the driver assistance systems concerning the normal driving and the collision avoidance
has been increasing, and installation of those systems in commercial vehicles is also carried
out sequentially. However, the driver assistance systems installed in a commercial vehicle
currently is just a gathering of multiple systems, and it is expected that the system will
become further diversified and complicated hereafter, and there are problems such as
interference between systems and discontinuous control intervention due to taking over
between systems. Therefore, this research aims to realize a seamless integrated driver
assistance system two-dimensionally from the normal driving to the critical driving. Among
them, it is proposed an integrated control method in the collision avoidance in this paper.

This paper proposes the Virtual Repulsive Force Field (VRFF) method as an integrated
collision avoidance control concept. The VRFF gives the vehicle a constant control force
that takes into consideration the limit of the force that the vehicle can generate, and the
control force acts in a direction perpendicular to the avoidance object (repulsive force
direction). In addition, the VRFF method is comprehensible control theory based on the
particle dynamics law, and enables seamless collision avoidance control with integrated
deceleration and turning.

Firstly, the algebraic formulae of collision avoidance control against straight roadway,

curved roadway, and multiple obstacles are derived by using particle mass model. In single
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straight and curved condition, the virtual repulsive force field is divided into two types of
sections, which consists of constant jerk section and constant acceleration section. The
feedforward and feedback controllers based on a two-wheel vehicle dynamics model are also
designed to verify the effectiveness and feasibility of the proposed control method. Secondly,
the simulation with particle mass model shows that the path geometry, the activation point
and the vehicle dynamics value can be calculated when the control acceleration input, the
initial velocity, approach angle, and the lateral offset are given. Consequently, the
calculation result reveals that avoidance performance of the proposed method is superior
to the lateral force avoidance or the longitudinal force avoidance. By comparing the control
activation distance between the complex vehicle dynamics model and the particle model, the

feasibility of controller implementation for actual vehicle is verified.
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Fig. 1.2.1 Transition of the number of crash deaths per 100,000 people in Japan and
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Fig. 1.2.5 Schematic diagram of various ADAS
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Fig. 2.2.3 Collision avoidance control with virtual repulsive force field
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Fig. 2.2.4 Results of collision avoidance control with virtual repulsive force field
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Fig. 2.4.3 Results of collision avoidance control with constant force gradient VRFF
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Fig. 2.4.4 Collision avoidance control with constant force gradient VRFF in curved wall
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Fig. 2.4.5 Part of collision avoidance control result

with constant force gradient VRFF in curved wall
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Fig. 3.3.1 Curved wall (R = 150 m)

Table 3.3.1 Parameters set for tendency confirmation of control activation point

Parameters Unit Value
Controlled acceleration a G 0.6
Initial yaw angle v, deg 0
Initial velocity V, m/s 5 ~ 40 (5 increments)
Initial lateral offset Y, m 0~ 150
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Fig. 3.3.2 Tendency of control activation point for curved wall
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Table 3.3.2  Parameters set for comparison with other avoidance methods

Parameters Unit Value
Controlled acceleration a G 0.6
Initial yaw angle deg 0
Initial velocity V m/s 20
Initial lateral offset Y, m 0~ 150
150 Repulsive
force
T

1% =

onw);7_____—‘;.\\\\

lateral] force

Displacement X [m]
(9]
()

0 L 4 i
Origin Only [
longitudinal force
-50
50 0 -50 -100 -150

Displacement Y [m]

Fig. 3.3.3 Results of control activation point comparison
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3. BRET VT K 2 REE M & BIREERE 5 BT

X 333 LY, L7z 3 >OEGE SO R0 T, FKIEBENR T Tk AYHINL
[N A <, BRMEREAE W E NS, Y =0 mfFiEo HiEANT B ERIC
X, BRAEGEE X 0 L EE G OEER Y E LV EENICHBHET 2 ENTE DRHIHR N
PBAYEZ R A, FRAEGES OB & &2 L, #itk /B & W5 2L o B G
AT F T, Y=-150 m I B O#EAICB W T H R AIEGEE, & OEGEMERE 2 R T
BRI IEEE & R DL E o [EREERE 2R 9. LA R X0, R [EGEE DY 3R T o A W)L E
(2B W T b [EREPERE 23 ) <, 3.2.1 O EMEEIZ T D [BEE R EE & FAR O BRI &
T~ LTz,

T S IR B OB ZEDOHER >
T, RPVERR K TIX AR < & DA BRAK 2 RF - B o i 4E BR A4 (7 1 oo ) % e 3R L
BRETNVYIab—vaViiRelERE LT gL, EHOBROELEIC
L OMERBEEMIET L. MEAEICH WD J 2 #£ 333 1273, £z, K331 &Rk
O M IMEE(R IZZELSED)EHEHT 5.

Table 3.3.3 Simulation condition for verification of error by approximation

Parameters Unit Value
Curvature radius R m 150, 250
Controlled acceleration « G 0.6
Constant jerk &, G/s 1.0, 2.0
Initial yaw angle deg 0
Initial velocity 7 m/s 10, 20, (30)
Initial lateral offset Y, m 0~150

F333ICBVWTHRTERSOTWDHIMEBYLER, —EVY—V1Ea, , PIHEE V, %
FTNENEAESE, YIab—varairH. 72720, PIHEE 30 m/s [F il R L8N
250m DL X DOHDOKEMEET D, YA E IS T 2 G EZ K, I =

L—yara—2A RIZHim+ 5. K33412, 0EODNRTA—HE > M(R=150m,

in?

a, =2.0m/s’, Vy=20m/s) TCOFEREZRT. £/, FIHIEALE S35 06 D ©
BAfR & 11 3.3.5 ICRT.
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€334, X335 K0, RECTHELHERBLEOTMUEL ¥Iar—a
VTHATIICR O R L BBTR—E L THY, EEICL 2BEFELAL R
EOWCRAD. 22T, X335 OYMBRALEICK I 2 2 > D[Rl R EE O #2455 (i i

O RUR 2 5l W TR ) & X 3.3.6 12777 .

—— : Derived approximate solution
- — - : Exact solution by simulation
150
Curved wall
J
E [T N
< 100
£ D>
q) ///
g /// -’
z 0.
a2, 50 o
A
Origin| -~~~ 0
3 S
0 -50 -100 -150

Displacement Y [m]

Fig. 3.3.4 Approximated and exact avoidance distance with constant force gradient

VRFF

40
é _\
Q30
(0]
Q
[=]
S
220
o
(0]
Q
[=]
310
s
Z

0

0 -50 -100 -150

Initial lateral offset Y ) [m]

Fig. 3.3.5 Approximated and exact avoidance distance with respect to initial lateral

offset
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o
o

e
=

PAVSSYVY sanVioaind

S
=

Error of
avoidance distance [m]
(=]

o
o

-50 -100 -150
Initial lateral offset Y() [m]

(=]

Fig. 3.3.6 Error between approximated and exact avoidance distance

33.6 L0, REMFICBOVTEEZTT0Im OFHAICIE->TEBY, +o/hs 02
ENHERTE D, K 3.3.6 DEMREIFNIZ R > TWDH DI, BE KOS GTIEIZER
T5. BERIFH S I 2 b— a VISR VTSRO TV D 72, FHIZH W2 &4
R Z t TEBT 20, t+dt TEBTONCE o THFORENELTLED.

DX, RI3ZWARLEENRTA—Fty N TO, X 2.4.8 [ O & L

DEFZX33TITRT. K337 X0, SEEE LEEFFICBWTRE RMAEITE
CTWRWZ ERHRTES. FIMEHEREY, ELEF—EY Y —ZMEN/II N EHA
ZIRESELLIBMEICHLD, DMEWHFAICRE>TWNDEE X, F4EICTHAE
EFET NI ab—Ta iR L, B LRI AN E O A AL REET 5.

1 T

—

i R =150 [m] R =250 [m]

é 0.5 g, =2.0[G/s] ¥, Larger 0.5r a;,=2.0[G/s] ¥, targer

S

5 W No=AAT

§ 0 -50 -100 -150 0 -50 -100 -150 -200 -250
% 1 T 1 T

8] R =150 [m] R =250 [m]

> _ L — I, Laroer

% 05 a;,=10[G/s] V), Larger 051 a;,=10[G/s] 0 '€

=

2 N o OSSR AR
= 0 -50 -100 -150 0 -50 -100 -150 -200 -250

Initial lateral offset Yo [m] Initial lateral offset Yo [m]

Fig. 3.3.7 Error between approximate and exact avoidance distance under all condition
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34 &9

ARETIE, &2 mTEXE L HE B tAALE B LT, fhofize e fa L g L
R EDOFEEREE LTz, #E & RIS )T D A K o T, Hil B AA AL &
EROLND Z EEFEMICR L. REEC, AT 7Y 2 70 B L 2 i 22 [0
ARE L TRRIEGEE) &, 7 L — X BAEO AR L D EREGE A E L TaiE )E
) OFXNE T 52 LT, WEERGEOEMMEE R L.

[ELFRBE LT 63 5 MORERIEENC R LTI, EEAMAEZIZIETFATHOEEE TELEET
fEMT L=, TORER, & ToEABITH L T/RMEEE, § )[R0 & fiE /) ek 0
b RIS B 72D 2 & &R Ui, A AT TUX, R 7Bl & RE ) B]
IR S IElEE LD S AL R <, TRELARE T, R [R0EE & R ) R0k R ) [ 5
L LEMENE V. HEAME 45~60deg TIX, JFRAMEGEE O 2 5Kk L TE W
B Z R LTz,

H SIVEE (2 5ek 9~ 2 [ AE 2 B L, (A — P alis s LT A3 2 BAALE & 12207 1)
BB T L THEAMELZZLESEL. ZO/RE, ETOEANME EAME) IZ
& U TCHRAmIEEAS, i) EEE & R D EEE L b R A E S 20D Z L 2R LTz,
ELRRBE (2569 2 [mlale il R & [RIAR IS, A BE DS AT AT U, R 0EE & 87 [alkE 23

%Wk L0 b EALPES <, BEEASIT T, FEDEE & R T REE DS R [R]EE X
D BEMERmWNEmZR L. &SI, fENEERMXHZZELZSE, Hil
BENZkE 97 2 [ElRE BB 3R B2 AW is 72, 2 O Elic & 2 []5E PR B RR 725 o fg At
ATV, /NS WVWRETHL Z L 2R LTz,
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4
EWEHE T /VICED < HlERERE & AR

4.1 XTI

RETIE, 4.2 SICBWCRIBF D BHEICE S S @ EEBEHE 7 Vv I U X A o5
IZOWTIHE RS, 43 fHilCBWTRBFRAGICE D A S BIEMEE 2 EB &
D7D HENEEBIEHHZOREIZOWVWTIRRS. 44 filcB Ty Ial—3
arETIVE L THWD WiERIEREHEBE T /LIZONTIHE~D . 4.5 HiiZl W TR
FRDGETEE D S EMREBEIC 3 5 @R EEGIHE S T 2 b —3a U x21T 9. 4.6 Hilck
WCRAR SR N3RS < s — i MINBE \CkE - 2 i 28 R o R = L —

a U EIT .
4.2 EZEFBBERIET LI Y XL

RBR DG EICE S HEEEHEIIX 421 17T 70— LiThbhb.

Environment information

’ Virtual Repulsive Force Generation ‘

Desired a
resultant acc.

Lateral & Longitudinal Acc. Distribution ‘

Desired Desired
Mlateral acc. longitudinal acc.
Lateral Acc. Longitudinal Acc.
Following Control Following Control
Actual acc. ? Actual acc. ?

(lateral) Steering ~ (Longitudinal) Braking
— angle — forces

’ Steering Actuator ‘ ’ Braking Actuators ‘

Fig. 4.2.1 Collision avoidance control algorithm
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<HE128> LB MREBFRIERK

%108 TiE, B A E R L OE L2 BRORAR R 5512 X D R B D~ D EE W16t
TOHORBLU—rZ AL, B TRV RBE LY — 2 ~DE A &[RRI RAREE ) &
DRFRNZERT D, E2BTIE, 1B TER LB RO ZETO I — M0
UCHERTZRINEE - BEE2HEHT 5.

<8 3-48>TAE ./ BN EE B RE R #H R

AARAT BN IR L CENENHIHBZEZEEL, K7 7 Fax— X IlETx2 5
D, 2T, B34 BERTENTMIZHEROSLOVIY BZHY, THENMS LE~Z
FEIMEEEZ 7 4 — RN 755, 2LC, EEEITEOERICEK S BEZENKEIZE
CTHMAMEZH/HET L. WETZOFEMITOVWTERD.

4.3 B AN EE B AEH 4 R DB EF
X 4.2.1 O FLIEIZ & 7= 5 HisjEEN I E S O E A X 4.3.1 (289, BHEjIZk3 5%

NEh BERTR - BUNEE ~OBREHEREHE L, ARTIIET, f#as&ito

T DHEMET VIOV TIRATH, Bl ORFHIONWTIRRD.

a, Lateral Acc. Following Controller
+ o,
_ Servo system g
_ F/B controller
*
+
4, .| Inverse lateral dynamics Oy O in -~ Vehicle
F/F controller + Non-linear behavior
vehicle
* a. . . F ~F model
dy _ + _“x_in | Longitudinal force | " x/ ~ " x4
+ distributor -
- - PID Ay s
+ "| F/B controller
a, Longitudinal Acc. Following Controller

Fig. 4.3.1 Vehicle dynamics controller
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<HERBRHOT-DORBERTET L >

B GEBNL, FATICIHERE R A2 b o0, HIEEREXEE O 72 O Bl T 7 LIS D
BT P HRIEAL LTz, BIBALZIT O ICHT= 0, RIFFETIL, 432 1T LD
IRRIE 2 HRESL “WmET A2 MWD, BIBEmE T L OER F AT, BT
X(4.3.1)T, F—REEHFIEX(4.3.2)TRIND.

mV(B+r)=-2C /3+Qr—5 —2C(ﬁ—lirj (4.3.1)
s Vv i r Vv -2

l, !
Lﬁ:&C{ﬂ+é¢—§J@+2Q{ﬂ—;dﬁ (4.3.2)

Fig. 4.3.2 Bicycle model

122U, Fy B 3TnZidilm, WO, m @R, r 133 —1vAk, gl
HRBET D, BIRERBIT D AR, v R H R, [T EG D O AR T
O, L FE L DR E TORM, LIFELAEY 03—\ EE— A b,
Cr, C,IZENENAL T TAT Y ART T 2 E R Lo, RimO%EM=—7 ) 7
AT 4T RA, SITHIEIEA TH D,

< B RN BE B D€l 8 R >

RIS FE B TE A R0, WA D & BT AE M o, & L, RTERAE A (X3 2 B 384
DENEZZEB LT 4 — N7+ U — FEROREZR L, EmESOFEHRERHEEFICLD
BN E & OREZMET 272D D7 1 — KNy 7 (FB)fl g T L. ThE
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NWHABEM LIRS EEZE LAbE, X33 RTRifmAeAfHE AT & Lz,
Sy m=06; ;46 4 (4.3.3)
12120, Orpn Oppld TN E I FF Hl#HdE, FBHIEHGZIC L 2HIHBESHETH L.
< FF #ll##1#% : Inverse Lateral Dynamics >
B R RN 35 A ek 9 2 R AT A & BT A FF R I DWW Tk RS, P EE) O
PRI 2 BHESM e L L0 REFREAZEHR L, X@.3.4H9)277.

1 SHI
r Ay Gy by, o

erZL, BATHOEFZBIILTOLEY THS.

-2c, +¢,) 2c. 1. -¢ly) 2Ac 1, - ¢y )
agy=————" ap=————>——-1 3=
my , my ’ I,
—2lc.1.? +C,1,? 2¢, 2C,1,
ayy = ( G S ) bll:W’ by, = ; : (4.3.5)

B LREFREX4.3.9)L0, BiAEA 6,3t 2 BNEE a, () DI %
KODHZENTX 5.

a, (S) _ Vb11s2 +V(b21 —ay,by, +012b21)S+V(az1b11 _a11b21)

5.f(s) s? —(011+022)S+(a11422—a12a21)

(4.3.6)

22T, R@A3.60)DES T E KIS 5D 2 &C, BIEMMNEE T 2 aimita o
GEEKEZRDDL ZENTES.

5f_ﬁ’(s)= 5% —(ay; +az)s + (a1 1020 — @105,
ay(S) VZ’US2 +V(b21 _a22b11+a12b21)S+V(a2lb11_al 1b21)

(4.3.7)

2L, a (ZRIERUNEE Ch 5. £z, K@ DO REITEERFEEE LoD
BRI BT E A2 MR L.

< FB #i|f#l &% : Servo System >

72 ® Inverse Dynamics (2 & 5 FF fil 28 1325 "t 7 L2 HW TR L TR,
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S Lo T EBEREOETVEEICL Y BEMINEE ~OBRENENK 7]
WonH. Lo T, Z 2 Cik FF IS X 2 FZREMNGERE & BAEEMNEE & o A%
FET 2% —AR % FBHIHISFORFIZONWTIR RS,
K43.4)DREHFEXIVBIMEEIZTRUE3D L IICETENTE S,
a, =V(B+r)=V{a p+ay+b, +r)

B (4.3.8)
=Vay, Va,+v]" |+vb, -5,
r

T, BERINEE o & ERENEE o, ORREE e, LB X, HERNEE O R
ER/NENERET D &, FIEEORRZE I T 2 IERALREFRERUILL To X 91
WM LR TED.

e,=a,-a, (4.3.9)

p

’,'.

éy:ay—d;:[Vall Va12+V:1:

:|+Vb11'5f (4.3.10)

,é a1 a1 0 ﬂ by _
V= as [25%) 0 ro+ b21 5/( (4311)

éy Val 1 Valz +V 0 ey Vbl 1

K43 E D, T RTRIE F I IS < RIER 7 1 — Ko 2 B AN 23t
(43.12)D X HITEHHTE 5.
5y 1 =—KpB—Kr K[ a, ~a) i (4.3.12)
12U, K K, KAFZENZNHEEET DA, 3 —LA &, BUIEEORERIIZ
T BT 4= RNy 2 B AV ThDh. 74— KAy 7 B A VREICIELL T O (4.3.13)
D FAM PR S e /N & e DAL A G DEICRIE LT,
J=["q.e +r,87 it (4.3.13)

2L, qo rp 3TN ENMINEE ORRGE, At AEREICHTL2EATHY, Kifi
XTI, ¢, =10,r5 =1& L7,
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< B AZ Hi B4 0053 B 3B R A R >
IR BB PRI RV, SIEHANZH/ 2 A4 Y ORI ET 5. 3 BT INH
v, BEIEE L ORFAZMEST D720 O FB flHGIC L 2HEESHa, ,%
RLAEDEL OO ZATRIMEERE S Ea, , & L, N(4.3.14)I7R7.

j

axiin:a;_l_axiﬂ) (4.3.14)

Z OHIEINEE TG T a, ,, 2B DELS &I LY 4 SORIBRE) ) ~BLy L, Hil
~ANT D UFTHEMIZOWTRARS.

< FB ffill##l #5% : PID Controller >

X@3 )R T L DI, BAERTRINEE o) & 3 I EE a, & DFEHITxT 5 Pl
24T 9 Z & T, BEERTRMEE~DBEME &
D = _KP<ax _a;)_KI_[OT(ax —a;)ﬁ (4.3.15)

7272 L, Kpldbfl 75 A v K37 A4 Thh, KimX Tk, Kp=038, K; =0.007
Lz,

< ffill Bl 77 il oo 2 >
il BR B 7 i 53 B VL B S AT AR N R A A R RIS Sy T D . A A R oD A
BREN S A2 K DBERIE — A MR AELRWE S AL GIBRE) J13% LEREL,
4 iy O il BEEh 7713 :(4.3.16) THRE L 7=

ma., - ma

F. = x_m'ﬂ ’ F = x_in.l_;t 3

v = = (1-4) (4.3.16)
212U, Fy Fo 3T 0ailm, %o 1o ofBRE D, 1 3aikid sk Tths.
Fy Fo Y bICEQRICEES /), AORICHIBI )2 ET. AR TIE, Bl O%

HEEDOBEBRIZEY, FlEI L L XDRIBO X A PEBENSE L R Dai%E 5k
PPRELA=0T L L.
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44 VI 21— arsETI

Valb—va UITICE, K440 RSN D KD R R IERRE R T T L A
W5, X 441 OIEBREEGEGET A, EOLED ORI LR, S5, 3 —Eifsl
MazBE L3 AREET LV TH L. EH HRA 2, 71 5moES) 71T (4.4.1)
T, B O EE AT R(4.4.2)T, I —EEE A OER HFRERITR(4.4.3)TET.

m(ii —vr)= (Fxﬂ+Fxﬁ)cos5 (F +Fyﬁ)sm5 +F +F,, (4.4.1)
m(\>+ur)=(Fxﬂ+F‘ )smé' +(F +Fyﬁ)cos5 +F,+F,, (4.4.2)
Li=1\F,+F,)sin&, +(F,+F,)coss, |~ (F, +F,) (4.4.3)

72121, Fu, FuldZ A YORi%7, O THY, ilZ7a s b)), V7 (r)%E, jiX
Eom( 1), A r)ERT. m THEREE, u, vidy, y FRAOEERS, rida—1L
A b, Ly LIZE DA D AT, B E COEM, Lz —HEEE—2A L N THD.

b
F.Vrk:x g FJ’ﬂE ; i ,\5 ;
F, "1V
/G ﬂ

F r
Fyri i 917)@%

Fig. 4.4.1 Nonlinear planar motion model

<EZA¥XET N>

HmORAFEIR TOEBZFHET O, BEEEMRRORZENEEL 25, T~
DAL D/INSVEEIE T, XA YD FiZa—F Vv 727 4 73 A%BEELT,
A XRET RO o \ITHBHIT DG, TR0 ABRKEL D EREICHA
YHT M 5. 62, A—RBEICBTL2Z2 A4 YT XD AT D2 A YHT
X, BB LS U TR AN E T 5. AR TIX, #EEOM BTN
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Wl E DX A YK B F!

yij?

BA YWY AEa &L, ZORKEEZUTOX(4.4.4)
DX HIITEFT AT BHED,

Fy = Cyay _4ZF?° Cy=wi(eo +e1Fey ) Fuy (4.4.4)

zij
FEL, ColEa—F VY T AT 4 TRA, F li# A YREWE, ciia—F V7
BE, o iZa—F U v IRBEOMELEE, wital (&) o= 7747 R

S FE = —F VT AT 4 TR ADMIERR TH L. a—F VT AT 4 TFRR
Cy PEBEMEBRFUEZFEFLEDL-0, “KRRELZIT->TN5S.

L)L, A VITETHICMBEENELD L, EXAVYORBEMENLE/LT D
O, HIEREN ) ORECHEBBORELEE T OLEND L. Z A4 Y OEMEICHIT
XA YRS F, EHIBREN S F, O AVRNE, 4 A YOREME F. & BEERKuD
CIRELDEBENUTET DL, ZhooffiTX@460)TREIND. £z, X(4.4.5)

R TEEMNICE 26T MmENLENLOZ A VICHEA NS,
VL + F} <y, (4.4.5)

L7ems> T, HmIZHIBRE 2 F 5 54, HIBKE 2383 21296, # A4 DI
FERFEHICIA T 2. ZOHIRE S OB EMEBEBO X 4 Y ~OREZER LI
BAYDF,, %2, ZAVHBEBNREK,, 20T, K@4.2.6)27RF.

yij

C3q 2 F. Y
F =K ;| Cyoy —— , Ky = 1-[-—EL (4.4.6)
4ﬂF;U /UF zij

%E%@ﬁ 17@ Fzﬂ zfr Fzr/) Fzrr ci%h%hﬁ(447)?i§éhé.

K, K
Fzﬂzmgll—max£ ma yh# Fzﬁ,zmgl—r—m e h —+ma yh¢
[ K, / K
F,y =mgi+max£—mayﬁ¢ F,, =mgi+m a, h —+ma, B R
(4.4.7)
el l, LIEEFRA—A_X—=Z, q ZATERINEE, h IZELES, o FBMEE, 41
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MLy &, K,, K, 3T E0dllmEEmon—VEETHY, K, & K, 1ZFT
x5, £, Edilm, AR, 2%, GHRWOENENDO XA YHE A a,
Qy iy 0, 1ZH(4.48) TR EIND.

Lir+v lr+v
a, =0, —arctan| — y a, =06, —arctan| —

u——r|° u+—r

—lLr+v —lr+v
a,, = —arctan a, = —arctan (4.4.8)

d , d

u——_r u+—r

4.5 EBREEIZH T D IR IE]#E

RE T, 44FHTHERZYIab—varyE T AEHWTRIEFDHEICES

< 7 2 [RD5hE ) 4 2 [ERRBE Lk LAT VY, B2 E, 5 3 R CHEM LWL E & A
THESE L 72 Hl 8 5% O ERIE R SE O HIK0 2 ROl E BN 4 5 A2k, £ L TIRE
2 IRAB R T 55 vE O R IAEEVE RE D RRFE 21T D .

<VIal—va k>
MESHE TN 4.5.1 (2R TEMBEIHT 2 BEHRMGHO X 5 REMREL T 5.
T2, AV Ialb—yarTlE, UFTo3o0mBFNE2ZHIEL, Rz HET 5.
O ‘’ET HHEBFRIGIECHE R I EEE (Steer + Brake)
©  HEMmIZx LIS ) ELEE (Steer only)
@  HM % LA IZET J[EEE (Brake only)

Fo, TXToEELFRICK L, fI#EELGE & HI2K 4.5.1 O BERE 23 AT
. vialb—varEHEER A4S ICTRT. Pl —AEsEbs e enb v Ia b
—vaVRETLHZET, K321 IR T KD At A RIS 3 S (Bl ER o B fR &
ML, BAETNVEACTEM L7z RO ERE S T 5.
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—_

ma

ControlinputF

méy

o

time

Fig. 4.5.1 Simulation course of straight wall and Control force input

Table 4.5.1 Simulation condition of collision avoidance in straight wall

Simmlation condition Unit Value
Constantjerk da Gis 20
Conirdlled accekeration o G 06
Road smface frichon coefficient g - 10
Insital velocity Vo m's 20

Imital yaw angle wo deg -5~

<vVIialb—varER>

ELARBEIC KT 2 WM AAEN 45 deg DEEDAY I 2L —varTHELNHE
WA E) 2, B EDEITIX 4.5.2 ()i, FRAOBEDEEIZX 4.5.2 (b)IZRT. £, RS
KO L K2 A YEEERZK 453 (R8T, 2720, 2L RKICB O THH
HBAMBIZY R 2L —va VEA LRI TH 5.

X 452 X0, AFMHEOLI REAAEOKRE WHIHICE W TIX, BT EF
DIYE (R 1 B1BE) O R T & 2 FiE 8] & J80E o e G Hi 4 23 BTl L C B S . R N R
Eixa—F V7 Ry 7k MBI L BIEMEE O R REEZ RIS, 20
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LRI & @V iBEEZ R LT D . F7o, BAEEIIHY v —27 T X% 2.0
G/s, FREGEEITRIE I EBODER T ¥ —27 L LTEBEZ 206/ &, BTV ¥ —
J DOREREAFTLEB Y EBLTETWLEFE XD, b, FKAOFEKRET 2.5 s D
HAERE TS m A 5 feVy, HIEATIBE T OABDOINCEL L TWD Z &b, Bl
EHEEZ & — A L R IZHE LIcE BRI AR T2 L0 bnd.
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K| [a: _5 | _5 | ! i
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LT R V.
ghﬁ - x] - X
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Fig. 4.5.2 Simulation results in straight wall with attack angle of 45 deg
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Fig. 4.5.3 Simulation result in straight wall with attack angle of 45 deg
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Fig. 4.5.4 Relationship between avoidance distance and initial attack angle

with nonlinear vehicle model simulation
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Fig. 4.6.1 Simulation course of curved wall
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Fig. 4.6.2 Simulation results in curved wall with initial lat. offset of 100 m

(collision avoidance with Virtual Repulsive Force Field)
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Fig. 4.6.3 Simulation result of trajectory in curved wall with initial lat. offset of 100 m

(collision avoidance with Virtual Repulsive Force Field)
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Fig. 4.6.4 Simulation result of trajectory in curved wall with initial lat. offset of 100 m

(all collision avoidance methods)
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Fig. 4.6.5 Simulation result of tire force usage in curved wall

with initial lat. offset of 100 m (all collision avoidance methods)
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Fig. 4.6.6 Results of control activation point comparison in curved wall
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Fig. 4.6.7 Results of avoidance distance with respect to initial lateral offset
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Fig. 5.2.1 Use-cases of multiple-obstacle avoidance
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Fig. 5.2.4 Geometrical definition for multiple-obstacle avoidance
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Fig. 5.2.4 Vehicle position and acceleration direction during control against circular

virtual wall
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Fig. 5.3.1 Vehicle Trajectory in Straight and Circular Obstacle Avoidance (Negative

Offset)
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Fig. 5.3.2 Vehicle trajectory in straight and circular obstacle avoidance (positive offset)
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Fig. 6.2.2 Use-cases of avoidance against multiple obstacles
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Fig. 6.4.1 Vehicle trajectory in obstacle avoidance with different initial velocities
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Fig. 6.5.4 G-G diagram during obstacle avoidance
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Fig. 6.5.5 Change of velocity during obstacle avoidance
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Fig. 6.6.4 Simulation results of vehicle motion in two straight walls
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Fig. 7.2.1 Electronic control actuator for collision avoidance system
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Fig. 7.2.2 Examples of commercialized actuators

TCIEBEFRICERINL WL T 7 Faxz—20f%EK 722 12T, X 7.2.2
O LEEIZ7 L —% DYC THVY, 77 Fax—X IRV HILERED Y L —XEE%
AVWTWD. BIgVBFIEEEIZA Y SO AR LEREREEZ2 MK+ 5 B 0T LD
WA M, W4 AEB O7 7 Fa—x X L LTHLIHH SN TEBY, 4% bImEHHL
PETL RIABRTH L. EEWMOB CTRZ2LHEB N 2R ETE L2720, 2RI REE
WEREDO FELE LTHLANTHH. X 7.22 DHELFWS @ 1T % SBW(Steer By Wire
system) Td ¥, /N2 RVHERIE L IZMNLIC X A Y ORFEA ZHIE TE 5. BAER 10k
BfaWRs DSy 7 7y T OMENRLERT- DK A MEBSFRETH 22, EERHE & O#RE

112



7. 7 7 F 2 —ZZG Uz [BHEE R 1 oo B G iR A

FTWERTONOIALERFETHD. 722D FHIZRWS THY, [Roi7- AR
P CHEmOMAZHIECTE 2. EERICEC CRimItA L oM MEEzREST 52 LT,
Btz EMEE R ETE LS. B ML EBELAR—Y HICHER SN TWD N, #Eifits
EMENREBEREDO N —RF 703570, — 2 — T OEm TS E A
TWRWHDD, Ny RAVEEL ITMSIIC XA YOERAZHIH TS,

ZZCTEEHDYCO I HIEK 72312 T. AEE DYC (TESIELE L-ERES Y%
EAWMBICHEZEL, FUOEEXYICE—F M 2ZEZANTHZLET, 1HOE—X
TEAIZHEE O M7 Z34ETE 500 W0 fEE X, 74 o0 E E 2 A
L7l TE—Z DN EEET 508, EERICE—ZZEEE LRV, Bl EFICrES M
JIRTFRAECR N, MBS WE—XEKHT 1~3kW BE)TH, 2B
BWTHDR MM I ERETED. REHOBEREMIZENTAATY =ML A BT 0
VMTHEEEND D, RV AT AT AR—Z EOHIKI D GRS S %Y LE %,
LLF oo Bt Tkt s 2 niiit & 975

Output Torque Input Torque

Fixed Rﬁ; Gear
Rotatable Ring Gear

Fig. 7.2.3 Motorized DYC

I E TICENZHEAEERT I, CN6DT7 7 Fax—F2MAdbdd b
ERbDLH., TNENEEOT 7 F 2= —Z OFFHIA, Bl E B8 Fe O TE R R 2 &0
EORBHEOENEAT 212 TOREMLTEBZLIE, MROT IV Fax—F D%k
WOWWE LTHBITHD., £ Z CTARETIE, FICERESHZIRELT, 77 F =
T— 2 R OELYE, WIERYEO LR R 21T 5 .

113



7. 7 7 F 2 —ZZG Uz [BHEE R 1 oo B G iR A

VIR O D OS2 FE LT D721, ZWETIICE A Y OIE/IEZ
ZT-HEMZEBET VTR Z A& E L, Y 0.5m/s> F2E O LB EY /s S WEUIN
HWETHON 5. SEHEEUEDOHEEZ 15m/s (54km/h) &R T 5.

7.3 FREHEAE

G OEZRRTDHT 7 Faxz—X L L TROONDEREEMSZ [HEREFE T
ETEMBEORME] IR LTHIET D, EfEsEelbd 52 &3 — &I L v
23, AW T, EHEOFFMEEE AN TE2AN ROz A 5.

QA VT 47774 (BMREWN) : 777 4 7EEFTH-ThH, EiHN
W LR CEBAERE CHE 22y hr— L TE5 2 RNEE L. 777 « 7hERF
DAZEY T 4777 2EHEMBL, BIEEOHEMIIE > TERIGEZEENED L I
BALT D20 E0MT 5.

@vNTT T4 =27 kL7 (SAT : Self-Aligning Torque) (/> K/LH#{E L DIETH
)« T T 4 TR AL T D SAT BEIRE OBRIES L THT D L, EREO K
RS2 8% . TIERIETICERE B OBRIEICL > THAET D SAT] ZHEEHELE L
T, SAT /NS WIEEF R D720 LT 5.

@I 04 (ARLEBMOMX) : FWS Bl ICIEN @IS 2, TOBT <0 A
26 AEBES S N 2 EER T THEARENR T X 5. —KAYIC RWS B DR
N MAITEMESREVWE SIS, FWS-RWS- DYC #kt#k LT, FWSIZHT 5
RGNS,

@ B OIS PEIEE (B O RERMGE) « 7 7 7 4 T HER O Y 58 23 F 22 T
HiE, B OLBBFE S, ERBE~ORBROLBEIND. T I T, MINEE,

114



7. 7 7 F 2 —ZZG Uz [BHEE R 1 oo B G iR A

BT X0, a—VLA NORAT v IREN, EuarbhpEh L, EFHEMNTHNIX, E
HREIC & » Tl 72 R EE 2 5.

FAFECTHEANLCEEE T T L ERRIC, ABEICBNTS ZWET L2 A0 50,
A—F VT AT 4 TRALCDWTIEIMELL L HIEE O ELEET H. LD
WA2Tilx7ary b)), VT7(r)&, jIdEEm(D), Af(r)ZE£ L, B EICHKF
LaWgEEicix lij) 2HW2%

<A ERH >
AN (RidmAtfa 6, H%Wmfta o, I—F— AL MAJT M) ITXT 5, BT
D LpEa—L A b rOESHFE

d 2
mV?f+2K&+CJﬂ+(mV+;Uﬂ%—LQiy:2Cﬂ%+2Cﬁ; (7.3.1)
dr 203C,+I’C)
2(1,C,-1,C,)p+ IE-—J—i———ﬁﬂM%@—%Q@+MZ (7.3.2)

Thod. 2L, VIFEHR, m TERE, LTI —EBEE—A b, I LAk &
ODOEHE, 11EHRA =V X=X, C, CIRHEDa—T VT AT 4 TRXATHD.
BHFRADLHEBANEC, T—1 A br, BETR0A L, BLOBEINEE o D51
A28 L, UTOLICERETE W, 22T, 4 32X VT4 7774,
w, & CIFEBFEAOBEARDE, BHELTHD.

% @

@O FWS
r(s 1+7T. s Ky 1+7,s
106 o— =, P g2
w, w, o,
a (S)—G“ (0)1+Ta1s+Ta2s2 G’ (0)= 1V
S, (s) ]+2;s+£i’ o 1+4V2 1’

o

n n

115



7. 7 7 F 2 —ZZG Uz [BHEE R 1 oo B G iR A

_m o
210C. 1 . , ml,V
G@(O):WTV, G (0)=V xGj,(0), T:ﬁ
Ly 1 T _l_- T I,
s 2ﬂrcr1_ﬂ lf VZ’ a = e 2IC. (7.3.3)
211C,
@ DYC
A;(?)zc;@(o) ;:Sz 5(2)=Gf,(0)—242 .
2 1+—+S—2 : 1+ +—
a)n a)n a)n a)}’l
Cc,+C 1
ay(s):G;(O) 1+T, s G 0=t 2K’
M _(s) 20s s 2C,.Cl11+4V- 1
: 1+ ==+ Fe
o, o
mV?+(,.C, —1C)
G2 (0) = LS GL0)=V XG0
O = A GO=V XG0
T‘:m—V) Ta:_M (7.3.4)
T2C, +C) V(c, +C,)
@ RWS
1+T 1+T, s
;(S) :G(;’r(o) 5 S —, §(S) :Géﬂr(o) 5 ) -
() 1 25,8 80 1 25,8
a)}’l a)l’l a)n a)n
a,(s 1+T T s 1
y( ):Gﬁar(o) i aV1S+ arzzs ’ Ggr(o):_ 2K9
0,.(s) 20s s 1+4V- 1
: I+——+—
o,

116



7. 7 Faxz—X

1+}2nlllé Vzl
Gy, (0) = 1+2V€ Tf
A 1
ﬁ”zﬂcl m 1 Vz
2ZZ_C_
2T, BEINE

(208 U 7c [al ke 1 5 ARy M oD B i A AT

mlV
Ga O :VXGr 0, T = r s
5r( ) Br( ) rr 2le

(7.3.5)

EoEEERE, Ra, =V(f+r) poBHLTVS. ThboRiE

Bz W CKHmfEE ARk D Z LI LTz,

<fuf AL & il BREY J) o R >

FrEEAL EHIBEE NIk > Tk T D2 a—F Y 27 7x 2% EAELL, KX
(7.3.3)~(135)~MATNIE, TOEEZZBELILILEEZRODDLDIENTED.
FE RS BREY ) Foy %, B EICHIBEEY ) F,, 2 3ESECa—FE—RX v Mg

Y D%E, Bbmsad htT5L,
2.

AFZ :_?(Fxﬂ_i_Fxrl)

o, BNHE o WEAT S L &

Nk & s,

f:fi l./,d %i }\ 1/“/ Fﬂ@: K(Dfl K@r 63:

o b4 5. @ikinO A E F.,
AF’,
F Qm+ +N@,

F ,=F

zrl zr0 zr

i~ T DM EDLLHE

A O r — LHIETH Y,

FAF I L R

(7.3.6)
BOLEE CHEINT DM EAF, AF,1XT0%
h K@(l ma
o > T T 4, (7.3.7)
d K,+K,

o—)Lkv X —E XX

Eﬁ=€m N@>
(7.3.8)
F_=F aF,

zrr zrQ

117



7. 7 7 F 2 —ZZG Uz [BHEE R 1 oo B G iR A

TRIND. BHEBEEY 13258, FTAEKRTE 2KFEEND S (FEEMO
REZ) FuF; 8725,

G (b) (a)
peak
R A :__;_’-"—’I'— —-.
_l— 1 K[O
Cyo|  initial A f} OFy (N-DWyo |
// Wiio
2 .
zij
I XN !
Fijo N X Fjo

Fig. 7.3.4 Variable cornering power model depending on weight shift
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Fig. 7.3.5 Variable cornering power model depending on braking force
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