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Abstract

This paper proposes an analytical method to evaluate vehicle maneuverability based on the comparison of null-
controllability regions that are defined as the set of all initial states which can be transferred to the origin of the state
space by means of admissible controls. Assuming that the multidimensional null-controllability region can be analyzed
by a number of two dimensional cross sections, an optimization-based algorithm combined with a trajectory reversing
approach and a ray gridding method to compute the projection of multi-dimensional controllability region onto a two-
dimensional cross section is proposed. In this algorithm, the problem to determine the boundary of the controllability
region is formulated as an optimal control problem to find the control inputs that maximize the norm of the terminal state
of a time-reversal system starting from the origin. The null-controllability region and a reachability region of two simple
examples are computed and compared with the results of previous research to demonstrate the validity of the proposed
algorithm. Then the effect of tire nonlinear property on vehicle maneuverability is evaluated by comparing the size and
shape of the null-controllability regions for two vehicle configurations. The results clarify the effect of tire property on
the null-controllability region.

Key words : Controllability region, Vehicle maneuverability, Optimal control, Trajectory reversing approach, Ray
gridding method

1. ¥

WTAE, Bl EENVERE, 44k, PeEYER o 72 & ESC(Electronic Stability Control), AFS(Active Front Steering),
AWS(AIl Wheel Steering), 77 74 7H ARV Y a v EDOY v PHIEIE AL S 4, 20— H kI
LEHEIN TS, ¥ v UHIEHR ORI ROV ICESER T 270, oM HisnETh 5,
D& ) VEREIHE O B, HlfE TV ZH O EDY S 2L —varyThD, Hlhrial—vavic
X 2, FEHEHGERE FRICA =7 VL= 7Ol L 70— X FL—7 D3 2 ENTESL, =T
V— T DFHIiIE A T v 7 ATIR sine with dwell A7 £ DRFED AN T 2 HEMINE 23T 2 bDTH D, 7
0= FV—7 Dl Tl F 7 A NET V2 EGALZANE-HEHEROAL—7> a2 —vavickoTy v il
HROMWREZ T 2. LarL, TRHH6DT I al—vavitkoTEHONEDIE, FFEDASIREEDWIISEL:

No.14-00078 [DOI:10.1299/transjsme. 14-00078], J-STAGE Advance Publication date : 3 June, 2015
TIER, 7=n—, BAKFEITERM TR (T101-8308  SUATHE T AR HBR A 1-8-14)
E-mail of corresponding author: horiuchi@mech.cst.nihon-u.ac.jp

[DOI: 10.1299/transjsme.14-00078] © 2015 The Japan Society of Mechanical Engineers



Horiuchi, Transactions of the JSME (in Japanese), Vol.81, No.826 (2015)

XS 2)I0%, VOITREKBOATHD, BTLL Y v I HElORENZEREZEL TV EIEFVE, R,
B D FERRIAE D350 < Bl 2 R 2 & 8 o v Sl O R E 2 5§ 2 72 D 121E, K D el & 47 flbr i Rl
EEENS,

FIHERD Y v SRR ORI BT, HlETROMRE & ORIERIOMEREZ XA L THD > Twuedo
2 ER1IODMETHS, 22T, WEHFREFZEDI I BHIE T LTV XL EHGE» ERRERRL, ED
X9 B ANDMAAEDbDEEHOTHGZHIHT 202K TbD LT 5, K- Hao@EEF#Ech iU, WEOH
i VX HTRAE A AT D A% Vs %53, ESC CIEHTRAE A N Z AL OZ2E) 7'V — X% 71, AWS T Rilimhe /A 1
Btz 02 7% E VL DDA OMAEDLENEZ SN, ZOMAEDEIT X > THIBEITERE R 2 2,

Wk U TIEHI o MERE &%, FFH ATRE 2 Bl A 12k U TR &2 o GlliHR BT ik 2 o CRRGEE S Ll Y s
ENLITAMEH ZFHE L T 202 B8 T 5, mSER2HIEENIHIE G Lo RA oM R T2 2 L
MTEDLD, BARDZ Lo, HEIORFEHIEH T ADRAZEZ 2F T TER v, HHATXORRI &N
ZIED S ENTE 200 OMREZRTIEGR LR S, (RO I ab—vavickbiHiiciEzIns X
BL T doltz®, v P HlHORAHE R X 2 0h, FEFINALGIHAOMEIC X 5 b Do o
BECdhH o7,

PEo ks nEROb L, KiECTIXIERIEEE < Bl 2 BRAEIR I waﬁﬁ@@ﬁ%w%#&%ﬁ%a
LU, AR i o B0 k2 IR T 5. AR & 13EFE S 15 AT K o THRE & (L7 R g
ﬂ%f%%%%ﬁ@%ﬁkﬁ%gh%.i(ﬂ%ﬂfw%iﬁﬁ,#ﬁ%VZTAi$@ﬁT@EMLh/XT
LOSH[HEICH UL, Z DR D £ b DI EArH A sz b o, FEERE T X E KRB TH B L &,
C D &9 T Al IR 3 AR & PN T v 5, BGEE OB, F ARG 2 5 e ATI oA
b HOTLELREERBIERTE2WIMEDESG LS. Lo 7T, b LHEMPHELEIC X - Tl
HERoNETELE NS &, DX RHIHATZ AT O HljZ EEREBICERIE2FHETER L, DK
& 3 W L L R TR BICR T 2 L DT E AW I L2 FKRT 20T, FAHIHGEEOKE 313
B OEENERE A T T 2 1 DO L R 3508 TE 2, o, HIHHEZ GHEICHV-2 2 gk b, il
T oMae &Rl DR Z DI LTk ) FE3TE 5, Thbb, Sy U CHIEEN 2 & F 72 s
ko Al IR 2 i USHIB T X2 O b O OPEREDSFEfi ¢ & 5.

AINHRD B 5> A 7 L O AHlfHATEEZ Rk 2 FEIZ)IA SIS, W ODFHE TV T Y X LDMEE
I TE D (Hu and Lin, 2001, Corradini, et al., 2011), #E(L L 7 #HiZ2bE 7 L0k € 7L o IS 2 5T
L 7-W9E3 22 S 41T \» % (Goman and Demenkov, 2004, Wang and Chen, 2008, Pandita, et al., 2009), FEf#fZs 2 7
2L DI BI L T, Z OBIR % R 5 HHA 25 e T RN E B % 5 -2 % Controllablity Minimum
Principle & FFIX4L % EBLDFELET % (Grantham and Vincent, 1975) 2%, i@l 817 2 B RBBOFEH L H U X
I, ZOEBICTHE > TIEE > 2 7 & O A[HIEEITR, R 2 7 L O Al Z KO 2 O iR T 4L
W, NA 7w B AT LR L CE Hamilton-Jacobi 5 R0 0 kG f# % it Zet oo ] BEfER % F1H8 L 72 e
TV % (Bayen, et al., 2007) 25, —MDIEIES 27 21§ 2 X D FEAWLRFHE T LIY Ao BEEN T
%, % 27T, KX TIREXIERIE > A7 L oAl 1 Z O AHlEIFHRD W < D90 2 Kotz X > T
BTE % HDLEFEZ (Vincent and Wu, 1990), 2 XIGCHIIIC £ 1F 2 AIHIHIGEI O B 2 K & 2 M 2 — 1 D IEFRIE
BOEFIEEE LcEME L, BEfmnsEt FE2 TR FEZIRET 2, BRApEzZ v TRETED
GaMExERL7cH &, Tﬁﬁ%ﬁ*;5$ﬁ@@%“ﬂﬁ@%l&%&tf,%ﬁmth#ﬁ%ﬁﬁ%fw%m
W, F A RO E N ARG SUX T B 2 T 5.

DR, A X@%miO§®LDT%5 B2 IR O E R E 5 2, WiR > A 7 L D fE i
F AJHIEISEIR DFE 7 L Y R AIZOWBTHiR S, FEIETIHREET L7103 Y) AL % 2 ODfEH 2 HIREIC
WL, ZOZYE2RT, 4 ZCRIFIFZELE S VORISR ZHEL, ¥4 YEMEOBEL RN T 5.
BSETREONLERICOVWTE LD S,
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2. ATHIERBEZDOHETILTYX LA

2.1 WIHIEES & AT REEE
DEDI BRI AT L EEZD

x(t) = f{x(t),u(r)}, x(0)=xo (1)

22T, xeR"FRERZ b, ueR" FHIEHI~7 FAThHs, A1) 3z ds, BB fIEx & wicBIL
CHEGIAI TR TH 2 EIRET 5. FIEIAIEOED &) L AFERMHEFZ2MET 20D LT 2,

Umin S u(t) S Umax (2)

2T, AFEBRFERILICHEAINLI LD ETZ, TOT AT A L AHIEHRER € € R L AXHBRIN ¢ N
DHFBEATT u(),0<t <ty 12X >C, HESNIHELES 27 ICERETEE R WIIE xo DHEA L EFKS NS (Vincent
and Grantham, 1997). E#&E» 6 b 225 K )12, WIS (1) TSN > AT 4, BIEFEESG 27, FERH
tr, BEOR Q) DASTHIRORICBRL, FIEAST u(r) 242K T 2HIEL L ZHEETH2. 2 =00LE, T
bbb HEEAZREEMOBF M E T2 L E, 20X ) 22l HIFRS L F RIS & WEEn s, B A7 4
x:AH$uTuﬁﬁ@ﬁ@ﬁﬁﬁﬁ7PUﬁXMf:@ABA@~~A“T}@7V7%#Kiof&ib,%
L 25 L HS Al 2 & RIS AJNISHI R DS e W E 0 IRIEERI AR E 2 5. £, ACHIRDH 3R
LERRIG Y AT L3 R WHEHGEER A & D 2 & HYHI S 1T % (Formal’skii, 1968). L2»L, JEMES A7 LT
WEANTHR D 2 < TH BEES 27 ORHICIRE S - Tl Z & &, AT o3 & Z D
EEBIRENE R S,

DLED X 9 RO E RIS L, 2 56 OWELERHEN 2 € R" L1, FRANICE > T 2 NOWIHE
25 EERE R TR TOIRME x(1),1 > 0 DES LEFRI NS, WHIEREE & R, RREES S FIEAT u() 2
AT B HIFE & ZERIRTH D, FREEIHN O TR TDOANDS OHIEOEEEEZ R L Tw 3,

22 ZRFTAIHIEBEROKEE

—RICER S AT b O HIHIE % % R ITIREZERIN CTRRNT S 2 DI Tld 2w, 20 1 2D, X
JL IR 2 > K 22D 2 RIOTWITHI R U CIRNT 3 2 FikTh 5. HEix o 72 2 ROuWiimiic 8 1) 2 #%5 % Wit
T2 LIk, SRICTHIESEIROMHZ NS 2 E3TE S, DX I & 2 RooWim~0#FEERIC LD, L0t
AR O G & KRl b2 2 &N TE S,

23 WRERYATL
X)) TRINBFAN—T AT LI, XATERINZA () DR A7 4

dx
o=~ fx(.u(n)} ©)
Unin < u(T) < Umax 4)

%% Z % (Genesio, etal., 1985). ZI°TC, t=t;—t 13 (1) TRINE L AT LD HESES 27 F TORERH 2
£7., KB D RATLER W) D RAT L LFUNHEEZ O, ZORENPHELERSE, 026X 1) I
W95 HEES 27 ~OWHIfHEK ¢ 12, XG) D 2 26 DuFEHES 2 £ %5 L\ w2 EDFEHZ LTV 5 (Snow,
1967). Z DR AT L2 V5 L, AR S R 7 2 OF ARG % K o 2 MEIL SR S 2 7 2 O )
5 D AFFEGHE % K 5 MEICETE 5, Wil 2 7 2 o W EEFK Z Ko 2 Iz, X 3) TEINDET 2
7 L DRSIREEZ e AL T 2 — RN e ol L 2 2 0, X (1) TRSINZIARR S 2 7 2 O PIiE % ok
LT 2MEL D ERMEDEDTH S, 7, X () DEREEY AT 222 & 2 RITHIICE T 2 IREEL DY)
WIME IR AR LT REEEE L TR 525208, Z N DA DIREZELDPINEIZ D T & 2 DIE DI & 72
%, Uz L, (1) OFRE S A T A TIEIHIPHEDMREEZREROFE R EHESN TV 5D T, TXTOHIHED
BEAE 720 ERio & 9 RfEZ AT E 2.
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24 FIHEERSEREOREHHEEE UTOERIL

AT DA % sk 2 i Z, X (3) DRRBZEE x; & x; D 2 RICHIHNC BT B H&0AE 2 V2 ||[xi (1) x;(e0)]T ||
ZERAET 5 K9 BHIBIAT u(t) 2Kk 2 REtl#FEE LTEMbT 5, HEINLTHT/ VARKE RS
HEIfE % R & % 72 &, ray-gridding approach (Yfoulis, et al., 2002) % & L, 1 DX I xix; DT R S S
WRORT MV k=12, ZE&RKT 5. kBFEHOXRZ FVOKAZRTAEL 6, LT 5.

7

N T
[‘xi(tf) (1))

&

To—%.
15

Fig. 1  Combination of the trajectory reversing method and the ray gridding approach to obtain the boundary 0%’
of the null-controllability region. A set of rays starting from the origin is defined. The boundary 0% at the
k-th direction is determined as the solution of norm maximization problem of the terminal state x(¢¢) of
the time-reversing system.

HITHIHBEIR ¢ D5 0¢ & k BMEHDBEH~Z PV EDLRIZ, RD X)) ic@EHlHAMEDMHE LTRko 5N 3,

Find u(7),7 € [0, 7] that maximizes the objective function : J = ||[x;(tf) x; (tp)])" | 5)
State equation : % =—f{x(7),u(7)} (6)
Initial condition : x(0) = O @)
Inequality constraint for control input : #pin < #(T) < Upax, component-wise (8)
Equality constraint for terminal state : ¢ = ))CCJ ((:; )) —tan 6, =0 )]
i

&k, ITREL T 2ERRGAHIEEESNEATH 2 2 L 2HE L LTWw 503, MiiadhhtETrw
BRD FH EMER EEZ 5N D,

25 mBHIHEREOREE

X (5) 25 (9) DI HIIE % iR < 12 & 72 5T, AFCTld Transcription method (Betts, 2001) % 27z, 2D
75 IR E R RO E T IR E O AN 2 B L T8 X 246 L, BEEdb L 2 A2 COREEF B2 RE, 2
DFERNFED TIPS & IR 2 5T 2. ZHuc kD, SRS & IR I AT 85 X ¥ ORI L 75
D, FoEFIHRTED S X 8 ol RTEIC A E NS, 2 D8 T A Y IR — MR 7 BB 2 F Vv T
R ZEWTES. ZOHEDOHMEIEK (8), 9) D kI R ANPIREEEICNT 2%K - LS MRS E2EAL
— R 2 i I E 2 B IR e TEBRICH B,

9, BOBEHIEALN % KO 2 KX £ € [0,¢7] ZATFO XIS NHDE T X v M2HEIT 5,

OZ‘L'()<T]<T2~"<TN71<TN=l‘f (10)

INSDR XY MIERFEICTET 2D LT3, ZOBRISEIHEL T, 3R (6) DAN u(t) bR D
5 &R ZI £ TN D2 7 A v MICaEld 2, e G A S u(t) 2RI E T 2 AT uy £/ 7 X
F ORSTE Z &N B BRI R HIE AT w1 =1,2,--- N CEEHZ, ZOL) REBIUANEZZ LD TRTASY
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X7 hLELT

T
X = [uf ul uf -y (1

ERT. MBI A ZREIL, 526NN x(0) = 0 2 SIREHBEAZBEBS T2 LickoT, &
7 A b OIRRZNC BT 2 RERE X, 1 =1,2,--- N2k 6NZ. Thbb, RER x HREF RO
BN L Tm(N+1) X7 ML X OB

xI:xl(X), l:1,2,~~~,N (12)

L s, L7ehdo TikImIC 81 2 HliBEE ) & FAMHRGAE ¢ SNRTAINT7 PV X OB E 5, ZHUck D,
X (5) 76 9) DiETHEFEIZ T D X 9 %37 X & i LIEICEI T E 5,

Find X that maximizes the objective function : J = J(X) (13)
Inequality constraint for the parameter vector : X pin < X < Xpax, component-wise (14)
Equality constraint : ¢(X) =0 (15)

D &) %85 XY RBALRIEIZZERX 2 KEHEE (Rao, 1996) 7% £ ORUEEGHEIL T2 TS 2 L3 TE 5,

3. B¥E GG R A
flH 2RI XD, RET 2 FROFMEZ G T 5.

31 2RBEOAT L
RD X 5 7 2 K% %% Z % (Vincent and Grantham, 1997),

d X1 0 1 X1 0
- — 1
a1 L

DY AT LIIALETH 255, AlHlHIZ O TAINTHIRD 20 F dUXFF Al ISR R B M 2k & 2 2. Lae
LADZHH D D %354, 55 Al IR O B a1 e 5. ANAEAH#RZ

ul <1 a7

ELTC, 2B TR X DK (16) D> 2 7 LIBT3 Fodfil e % iR E, =15, 35, 5sICHT
% Sl HIfHAE % SR o 7z,

EREP2R 2T, HEICBTA2ANOGEBNIZ20 & LT3, XdIZid Vincent and Grantham, 1997 1278
SN ZFAHEREROMGRME O R L T b, ZORDS, t=5s DA, REFIEIC X > TRO 2 FA]HlH
FEI IR Z & AL Tw23 2 DR TE S, £, ANOTHEBN 2807 L, iz AJNCE-o <
DT, FEHEED—IZZ I LT3 2 LRI N, WARD Z L ad3s, FERMAE I & ] HIHRE X
N o TW0D, 20X ) IREFIRIITEEOMIGRIENI N 2 Bl %z Ko 2 2 L3 TELDT, 52
5N RIS 2 Z L3 TE ZUIEDEAIE SN, HENRICHIZE W THHTH S EEZA LGNS,

32 3RV AT L
RDEHI 3R AT LDRME D Y OAFEEFEN % %E 2 % (Vincent and Wu, 1990).

4 X1 0O 1 0 ||x 0
Sl =10 0 1 {|n|+|o]u (18)
X3 —6 —11 —6/ |x3 1

DY AT LFAHE 7z DT, AT AU EUE D S BE v R e s R M ek L e B, LA L,
ATNATHRD D 2 iy, W EEGIRIIRBZER O TR A IR 5. ATICH§ 2 A% Rz

| < 1 (19)
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Vincent & Granthar/n, p-99

06 ; ; ; ; ;
06 -04 -02 0 02 04 06

*
Fig. 2 Null-controllability region of the system in Eq.(16) under bounded control in Eq.(17). Computational

results for three different terminal times ¢ and the theoretical null-controllability region presented in
Vincent and Grantham, 1997 are compared.

Vincent & Wu, 1990
02 e
T

-0.15

_0'2-0.2 -0.15-0.1-005 0 0.05 0.1 0.15 0.2
X
1

Fig. 3  Reachability region of the system in Eq.(18) under bounded control in Eq.(19). Computational results
for two different terminal times ¢y and the reachability region presented in Vincent and Wu, 1990 are

compared.

ELT, 3XIUAMENEFILD xi-xp PO 2 KD 5, AIENEFIEZ KD 5 72010135 2 BTl 72 IR
ML, 3% (18) DMK A 7 L BT 2 ol fIfIRTE 2 i &, RIS E T 2 2 Vb || [ (1) x2(ep)]7 || 2K
T3 ANERDIUT L, GFHEBEREZX 3 ICRT, ZOFETOATONEENIZ20 £ LTWwE, Kk
Vincent and Wu, 1990 IZ/R I LT 2 A[EEEBROBERMED N L T3, ZOR» S b5 L H 2, RBETFHICK
D=5 &L TEMREL 2 IRLEHEBUII B Z & CEMIL T3, F7e, FNEREDEIZ E R ELEHEBDYN S
{352t bbdrs,

DL EofliED 6, BREFIEIC K > TEAHEITEERS 2 X D> 2T L d 3 A FEEBO N F 2 Ko 6 1
52 Ebrot, PIETIERIES AT L2000 EF7:2%, FREFEIENHEBEESR S i EhEES OB %2 ko 5
Mz FoldlEFE & LCEsMb L, ThzB8UENICHE FiETh 5720, #E - IR ICBIR & IRV H#IPHO
AT LITHEMAEETH B, RETIZY A YOI Z B L 7 Hilj€ 7L 2 F v Cafil#iais z ko, Ik
FOEAEIIC B 1 % HlEBIVERE (S D\ TG 5.
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4. EMEENIERED ATHISIRISIC & B BT
B2 RETIRRE L 72, WREY 2 7 & DRl b & o AT O Tk 2 5L L 723l e 7V 120
ML, zofHtEzBEY 2.

41 EBEFI

4T XD 2% 2 HHEDOHEIE T VH W, EEHAEXEIU T LB TH 5,
m(V+4ur) = =2F,;; — 2F,,, (20)
Il = =2IpFyr + 21 Fy, 21

22T, HitkEED Y A YH) Fyr & F, 13 Magic Formula € 7L (Bakker, et al., 1987) Z fii§ifl. L 7
Fy =D;sin{C;tan™" (B; B;) } ,i = f,r (22)
DEIBETNTERELL, 22T, HiRIRD YA YT DM B i= f,ri

B =tan™! (‘T) T (23)

B, — tan""! (““) (24)
u

ERIND, ZOIAXETIVTENNTIAY B, C, D;#FLIE2 2 LICkDfiADY A PRMEZ R TE 3,
CZTCRISIRT 2MMOY A YEIRER b OB A E BEAHE LA, KS5SES A YT ML Ty
A Y HES 2 SRTEMTE TR L 2 BB 2R U, B A 1ZBIR o IEBRLES sz 2k h K& L, HilfB T
2 2 OBIRONSAIE L TWw 5, 2 DEWIC K D IERPEREEIC B o TH A G ETRE 2RI L Toub W 5 7 a —k
Y%, Hj B BRI BEML CAE VEMEZR T, 2L, MBI ¥ 4 YEMEIZEN A, B TR-—I2E#
ELTWwWS, Thbt, XQ)D¥AVHHETVEHVSE, a—F VYT AT 4 7 FRIEBCD; EERIN5
23, ZOfzHM A, B THELLEREL, MWEHESTIRMELE S 78— 27 7HEMEICR 2 L)L Tw3,

~

Lateral tire force
(normalized)
S o o o
N B~ o oo

=

o >

Lateral tire force
(normalized)
(=} (=) (=) (=}
S

: : Veﬁicle B
10 20 30 40 50
Sideslip angle [deg]

oO

Tire lateral force characteristics for Vehicle A (upper) and

Fig. 4 Two degree of freedom vehicle Fig. 5
Vehicle B (lower)

model

KUICHETVDNRT XY 2R,

42 FERFAERICH T 2 EXRNRESFFIE

AR 2 GRS B ETIC, Hl A, B O % A YRHEDE O AIERIEAI O BRI A BRI I K UE T R
B 5 12 2 7 D ITIFNT (Kuznetsov, 2004) 217> 7, MHEIX u=30m/s & LT, HIEAEA 6 2087 X4 &
L7
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Table 1 Vehicle parameters

\ \ Vehicle A | Vehicle B

Mass m[kg] 1299
Yaw moment of inertia 1 [kgmz] 1627
Distance from C.G. to front axle lf[m] 1.0
Distance from C.G. to rear axle [, [m] 1.45
Dy [N] 3205 3394
D, [N] 2341 2211
Tire parameters s L> L3
C, 1.35 1.3
By 7.64 8.329
B, 15.51 17.05

4 6 13 A DT T, 7,8 T X 5 TH SRR 6 (SN T 2 PR, b b e Mien OREGEE v
EA—LA b r2RLTwS, ZOMICE W TEBMIBLETHRZRL, EFMHER2 TR TH S 2 L 2E%KT
%, WREAZETHERTHD, ~EDRAERS LT TRERMIRERSTER I E2RT. £, MFDOR
B LU CI iRz EnEEAE, SEREAEZ SO 237, Hill A TIEEHE L 7 Biliaie g o 24
PHICHER TR SN2 RETFHEPEEL T3 2 EDb2 5, JHUIHT A TIE ED X I Bl T b ZE R E
WHERIZTE2 ZEZBKL TV, BIZIE, & =20° TIELETHR (EMIRR) 281, EREAEZ D
ANETENVHIE, (o) D31 D, HBHEHREAEZ b OANLE VR (RLERIRR) 231 T, At 3 DOk s
FIES 5, Z0L EOMMIEZ M 7 IR, B CIAAHBUEDY 77 N IERBIR ISR L, ALEMIR
MDEHETIEAAHPOE D & ARICHER T 5. NS DARLEPHEROEH CEFRERT 200, LD X9 kgl
fiEiZ> & HiZE U 7 AAHBIE b A IE 2O MR RICIOR § 2, L72ds> T, ZOEIIR ISR § 2 Z0E Sk i3 A7 A
A TH 5.

30 R R R R R 60

()
S
S
[«

—_
(=}
383
(=}

—_
(=}
35
S

Lateral velocity [m/s]
S
Yaw rate [deg/s]
=}

-20 S0 b
7/ ' ' ' ' ' ' ' ' '
_3?30 20 -10 O 10 20 30 _6930 20 -10 O 10 20 30
Front steer angle [deg] Front steer angle [deg]

Fig. 6  Bifurcation diagram for Vehicle A, equilibrium values of lateral velocity v and yaw rate r versus front steer
angle 8¢ at u = 30 m/s.

X 8 I3 Hijl] B DIFIGHRINTH 5. KD o 132 DRZE L LTLE « ALES X VEEHE - ERE A EDH
RIS 2 2L 2RL TS, Eh o EIDREHIL LT 2 o0EEGEE b OVl H & LREREGHZ b
DRSNS C ERRT. o BEE  AKEDERTH 5. ZOM» 5, HljBIFHN A LI13HAED, XK
TEPHIR |8y | < 4.23° ORIPHICHEL, ZOMEMAZIBA 2 L LEFENAMEIRL TR L DR TICR2 2 EH
bird. §hbbH] A D3R ORI CLE 2 EH MRS TH - 72 2 & LAY, HE B (3BT A
4.23° PLETIEEH IR CE v, Bl a3 19.8° 22 % & X 512 2 DDORLE VMR (RLEMIRA &

[DOI: 10.1299/transjsme.14-00078] © 2015 The Japan Society of Mechanical Engineers n



Horiuchi, Transactions of the JSME (in Japanese), Vol.81, No.826 (2015)

-\ uristable
+\ focus

Yaw rate [deg/s]

30 20 -10 0 10 20 30
Lateral velocity [m/s]

Fig. 7 Phase portrait for Vehicle A at u =30 m/s and 6y = 20°.
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Fig. 8 Bifurcation diagram for Vehicle B, equilibrium values of lateral velocity v and yaw rate r versus front steer
angle 8¢ at u = 30 m/s.
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Fig. 9 Phase portrait for Vehicle B at u = 30 m/s and 6y = 25°.
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4.3 EFOAHIERER

RETLZ2FHRICED, ANOTEBN =10, ¥uERH 1, =1s, ATz BilEAE 6y, BRFABHE Spmax =2° &
L CHfl] A, B OFAHIAIGIRAFIR L2, BRZK 10187, #ifioX 6, 8216002 k)T, DM OH
FHCIEH A, B OEFMERREIXIZEA EED S22, ZORE, K10 ISR I T 5 K 9 IS ]HlHIgE R
IHRELECITE S, AHIEIRTEIESE | RIB & 3 RIBITIAHD, H2RIB, 564 RETIEIEF IR,
COREHRIT, BOHEE BT RD M) LI — LA PR LR AE VIRED S RIEEIRE~OERINETH 2
ZEERRLTWS, F£72, KHFITIX trajectory reversing method(Genesio, et al., 1985) 12 & - TR & 7- Hijlj B Dk
IREBICNT 2 20E5 2 AT, AMEEFIEZEETRLTWwE, ZOLEFEBIZFEAICETE 77272 a v
HTHh, feAaAZErIlio7 F X HEIMCERREBICERTE 2WEOEAZET. Z ORHFESEMATIIHL B
D ARSI X LE I OHEPANIC H 223, 551, 53 RPTIXLEHO I D> & ol il X - TEHER
IR TE 2D 5 2 E3bh 5, HEK, HHljOMEIVERE 2 LEMMO K E S T2 2 L23% o7
B, o b AN IREEITH - T O Y eI X > TLEREMEIRBICIES 2 L3 TE 5 L) FKRT, Hll
IR 2 22 I & 3 D EBVERERTAM IR IR & L2 2 23T E 5. Hlj A OZEFIHUIETET TR 72 X 912K 10
DATH %08, AIHEBIROIZHM B & KA,

C CCEIR S L Al R X, A 2 AR T 2 w0 e 2 AN & D MEBIER IS, il O Rl iED 5 ke 5
7bDTHH I EITHERINL W, ED X)) ITEN AFS ZikGHL £ 9 &b, 52 o #miiE & R RKFFRme
AOEMETTZOHIBETESZEZ 2 2 L3 TE RV, ZOEKT, X 10 O nHIEEGE X aTmEse & v Tl
i BAREWZOOREZ R T D TH S,
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Fig. 10 Comparison of the null-controllability region for Fig. 11  Comparison of the null-controllability region for
Vehicle A and B at u = 30 m/s, ty = 1.0 s, and Vehicle A and B at u = 30 m/s, ty = 1.0 s, and
8fmax =2° 5fmax =6°.

6, 8DXIIT, & >4.23° TIXHIE A, B OREMIFHEIRE C Rnsd, 22T, MAIAMA Smuw =6 &
L CHii| A, B OFEAHIHGERZ RO HERZX 11 1TRT, RAKFEMABKEL ko2 ik b, wffilfEHE
RS 8fmax =2° DB L D RELS -T2 2 Ebd s, WHIEBEHBOIAIEE 1, BIRMRCEETHY, H2,
B 4 RELCIEFFEME AN X 2 WHIETIROIEARZIRIT/D S v, ChidnimitAaz KEC LT, AEVIRE
VB> 7o Bl 2 EER AR IC R SRR/ S W S E 2 RS 5. £/, Hlj B TIXFFEMEADYLIE 2 0 7 FhEml 23
TELHPAZEZ T2, FERELTES N AHIBEETIIHER A & KERZIZR SN,

B 12 & 13 13D o WIS O B £ TOREHEA N § 2l 2 R L7 b DTh 5. FHEHEHT
FIMHIGEV IR S e wb oo, AFIEIEOBEFRIGED C LB OEE 2382 > T %, 20 &) Kl
W AR T 2 REHE AL ECDH D, HIAIER 111278 6 =70° S50 ufHlfEERE f X A, B TIZ
EF—3L T35, FELS ZOBFICEIEZI Y 2 -0 DFEHFEIAIZK 14 1R T X HIcB > Tw5, Kol
HHE A Z M & S e DRl & R/MEDRZ Y] D 2 % X 9 7% Bang-bang B TH 273, BEHIIED w72
WATEYIDBELDYA IV IPRESC L L, Z0X ) LHMRHED L ICE 2 2 R0EGIA I Z WS 2 i
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Fig. 12 Reversing trajectories of Vehicle A at u = 30 m/s, Fig. 13 Reversing trajectories of Vehicle B at u = 30 m/s,
tr=1.0s, and Ofmax = 6°. tr=1.0s, and Ofmax = 6°.
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Fig. 14  Optimal control inputs for Vehicle A and B at
0 =70°,u=30m/s,ty =1.0s, and Srmax = 6°. ] ) ] -
Fig. 15 Effect of terminal time ¢y on the controllability
region. Vehicle B at u = 30 m/s and 8rmax = 2°.

15 (3 #&HtRefE] D ZE I 0 2 ATl D 28 L 2 #iil] B CHER L 72 b D TH 5. MUkl oskiv Iz &l

RS NS 2o T s, 20X ) ICRETIRIFFNER R T E 2 RRAN 2 #55E L CAlflHeER 2 Rk o
52 EDBTED,

5 % ]

ARESCTIIHDEB A 2 FEAG T 2 1 DO E L CulfilEES oM 283 L, WS 2 5 L O il
ISR IR O BN REHE T LTV AL ZIREL . 2o 7)) ALITEKEHE S A 5 o 0] HlEE
AR A 7 L DJFE 2 & OH[FEREFIFICEFE L\ W2 E2FA L, ray-gridding approach % J&f L T Xt Al
TR D 2 XRTTWI~NDEEERD LD DTH L, ANIHEHO S 2fEHELBIES AT L 26 E L TIRET 3
TN XL DHMEZBGEE L 72K, oy R T AR & A0 & O R[FEG 2 KO 5 LT E
52 ERMERL 72, Hv T2 HHEIFGIZEIE T L2 HWT, &4 YRESAIHIHIESIC 5 2 2 8 2 G L
7o, FERIEENE O E H M RIRES K E £ 2 2 B OHEMICOWT, 257 5 FEIC L D allEies 2 A &
L 725G D HIfIERZ 55 L7z, 2 0%, JEREEERICE T 2 @ MRS R E ( B 2 Hicb, #H
WRHEIC b ¥ e ROl RTIRAC A 2 A 5 Z &1k D, ZE R EERAE ISR h T RE 2 fTHIE O SIS 13 RE v 2
b ot £, EERENDERRZ 2 2 7256 O "Hl#EIg D Z IO W THIEET L 72,
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ARG TIRE U 72 n ISR 12 X 2 5@ B8 o FEAME v, HIMEH & 13BIfR A < THIEG, 2o b oot s
BETTE2 2D DORETH %, KMTIEZ OREED L, Hiliwiife, MWimkde, E#Ea—s—x >~ bl
il EORFES v RGN OMREE KT 2 FETH .
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