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Tab. 1: Energy Density of storage materials.

Storage Materials Energy Density (kJ/L)
Diesel 35,800
Gasoline 34,200
Lithium-ion Battery (LIB) 900-2630
Nickel-metal Hydride Battery (Ni-MH) 504-1080
Lead-Acid Battery 560
Supercapacitor 50-60
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Fig. 1: Car going out of control by locking tire.
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Fig. 3: Concept of the S-AWC.
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Fig. 4: Simulation result of the G-Vectoring Control.
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Fig. 5: Simultaneous S—y controller.
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Fig. 8: Vehicle model.
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Friction coefficient p [-]
o

-1 -0.5 0 0.5 1
Slip ratio A [-]

(a) Friction circle. (b) A—p curve.

Fig. 9: Tire force model.

223 \-Method ¥ 1 ¥ ET )L

Ay TREBREOANMG bR TRWEGS, Wik ez ThZhRkD2DIINETH 2,
TH%FEH, XA VIOEBERIEA N X LIKREGHTH D, RIEZICERATIFMHAI N TVRY, £
D728, XA Y HEELIZRDZ7-DIZBEL DXL YETIUNELINTWS [33][77], AT
XZFDHTE, "A-Method” LIFIENDE XA Y ETL (18] 2 I alb—Y a VRIEBETFETHHT S,
A-Method & 1%, FIEARIO XA YREZFRT 2 p-\ HFROBGRE 2TIZHBRL 726D TH S, T
&Y, BEHPHEYALERT LI ENAREL 25, AMEPET VLTINS |, difk e #Am
TRAYORMECHIMEDY—ThEZ L Z2INEL TWV5,

A-Method Tld, AV v TRKRZ ML A %

 (Vw—V)

- max(|Vyl, [V])
CEFEL, Vo, THIEHE NS ML, V IZHg EOBEAREERZ ML THDE (T i) 1AL TW
%)e TDD, |Vip| =rwij & |V|=Vij LD LD, XA Y IRZ ML fFIRBMFTEZ 505,

A
= u(|A)N-— 2-16

(2-15)

ZIZT, pldBBRETHD, AV Y TERZ FLOKRES N OEBTREIND LTS, ZIITE,
p—X iR & 73 9 Magic formula Z2/RA9 %, N ZHgOEEF I TH S, RE VSN, XA VIR
I NIVIEAY) v TR MVIZEATTH 5,

Fig. 11 {Z A\-Method DM AR ZRT, o FHEEO A, 01ZX A Y HAMTHE, AV vy TEXR
ZPLDAES A I

Al = /(K sina)? + (1 — K cos )2 (2-17)
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8 : ——a=0rad

= | ——a =0.04 rad
‘:’ 0.4 «a =0.08 rad
= ——a=0.12rad
g 02 ——a=0.16rad
’g a =0.20rad
s 0 ——a=024rad
%" s ——a =028 rad
= 0.2 0.4 0.6 0.8 1

Slip ratio A [-]

(a) Longitudinal friction coefficient .

1.2

o ——a =0rad

>~ 1 —a =0.04 rad
= o =0.08 rad
§ 08t ——a =0.12rad
k) ——a =0.16 rad
= | a =0.20 rad
§ 0.6 ——a=0.24rad

—a =0.28 rad
05 04F
2
& 02F
E
9 0
<
—
_0.2 L L L L
0 0.2 0.4 0.6 0.8 1

Slip ratio A [-]
(b) Lateral friction coefficient i,,.

Fig. 10: Example of A—u curves plotted using Magic formula and A\-Method.

THALN, K=|Vul/[VI|ThHo, KAy TR
A:{ 1= & (Val > V)
K-1 ([Vwl <|V])
R —DBFRTH AONG, TOXRAVETFLEZYIalb—YaryTHOWIE, EEOR) Yy TR
B D AT UCHIE I 282 Z D ARETH B, X1 YAMBEIUFORNTEZSND,

n= M(|A|)/Umax(>\p0) (2-19)

(2-18)

224 94V TSFETIL

A-Method # 1 ¥ E T TlX, FEEBRIZE SN2 X1 Y ORiIEAFMORHM (Magic formula 12 & % -\
i) ZFAL T2 HMICHERL A2 DTH B, —F, WELETVTE D WX A VET NV IFE
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Fig. 11: Geometric representation of A-Method.

LTED, ZZTEZOHTERRNR T T VETIVIZDWTHIAT S,

RAYETIVCTIE, XAVIZT T VROBMEREREPEEIZINO T onTED, X1 VICHETS
NEE—AVMRIT IV OWMERIZHEDOWTEIR TS, Fig. 12 ([ZHIBIREREE D I X 28I T o b
Ly RIN—DERERT, 7I3VETMIBWT, XA VYEMAEOEX % a, E%2b, XA YHIEHH
BLELAH DT 7Y OMMEEZENENC,, C) XA VORI AE o &BL, FEMIEDES5
AAHER A ATIE R, BAMIZIE—ELIRETHI LT, XA VICRETLIENF, Figl F,
BLOBN F I3RS ICE D FRD LS IZEHTE 5,

F(\a) = /F2+F?

maxIVs(3 —3 2 , 0<s<1

_ 1 s( s+s%), [0<s<1] (2-20)
,UmaXNa [8 > 1]

Fy,(\,a) = Fcosf (2-21)

Fy(A\,a) = Fsinf (2-22)

Z 2T fimax 1 Apo ORI (RREBBE) ThHod, £/, sEZAYEVHBORI 2HEMET
BALLEBTHY, s=0D&EXAYVIIEEMEL, s=1TXA VEMEDEHEI W BTk
TWEEARRT, 0IZRAVYIHDHAZRT, A v TEROERZNDERERE & HBFTRRD70, s¥
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Fig. 12: Tread rubber distortion during deceleration cornering.

ZABEBOEL ZNIZELETUTO LS ICR A S, EREIX,

A
o ) 2-23
cos O(\, ) VA2 + @2(1 - M\)%tan? a ( |
' ptana(l — N)

U 2-24
sinf(\, «) VA2 4621 = N2 tan? o -
tanf(\, o) = _¢W -

s(\a) = K\/A2 + ¢%(1 — X)? tan o (2-26)

2
K = 65 bCN’ Coe=0C, Cy=¢C o
ThH, HERZ,
A
o ) 2-28
s e) = e -
dnb(na) = ¢tana (2-29)
VA2 + ¢ tan? o

o) = —qbtaf\l a (2-30)
\/W

sha) = K A —;i)‘\cam a (2-31)

Lleb, RAYTIVETIVCR, BiEGHERARDHIMEDENEZETELMEAH L, —H, &
WA Y TRIFZA VOMPENRT A —=RIZE>TDOARED, 7z, BIEEHEBIZEIT2 X1 Y0
TREATHESY, —ELALRLTWS,

23 4#A VR4 —ILE—49EHFEKTBEE FPEV2-Kanon

AW T, SEERE & U T U E CE/E L 7-E X BHEHE [FPEV2-Kanon] % i\ 7= (FPEV : Future
Personal Electric Vehicle) , FPEV2-Kanon D ¥ i i % [X] 13 (2, FPEV2-Kanon D#/3 T A — X DfH %
RK2IIRT, AEMIILLTOR#ME2ET 5,
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o AHRIZA VARA —IVE— R 2B - AR HIE A A RE
o 7 U T 1 THItLIRIEEAEH AT RE
o fHifHIz2a > b1 — (2 dSPACE #:® AUTOBOX % {dif

o NYTV—IZUFULAF EMEEK

Fig. 13: FPEV2-Kanon

Tab. 2: FPEV2-Kanon O [ #% 70

HljOfREE (m) 847 [kg]
EOOEEE—AY N (1) | 617.0 [kg - m?]
RA = R=2 (1) 1.7 [m]

HD e AR Ok (1) 0.999 [m]
HD & R ot (1) 0.701 [m]

i b Ly NiE (df) 1.3 [m]
% Ly Nig (d,) 1.3 [m]
A > —> % (Jp) 1.24 [kg - m?]
Bt F— v (J,) 1.26 [kg - m?]
B A YL (r) 0.302 [m]
B (hg) 0.51 [m]

231 A VHKA—ILE—%

ARHEWZ IFEREHE — & & UTHRAFEREGER T v 2 — 0 — XA VR4 —VE— XD 4l TITHE
HWINTNWD, ZOE—XRBXA VI MRIATAREZHRHALTEY, FTENIBRWLONY T Ty
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Y aDMEEZITT, BHH)SDRHNDPEEE—XANLIEDS, TOd, FTIZEBEENRL ML
A UIEHEZR MV 2 2192 Z L AHEETH D, BREIIX bV 2 & AV 2 S EGIEFIEICE
MTH D, 187z 0 IZHEMRELRRK ML 2 IZET#ERAY £500 Nm, #£igAY +530 Nm Th 5, Hifkim
VIR —IVE—RONBIERK 1412, TOMHEEERIITRT,

Fig. 14: 1 VA1 —)LE—X

Tab. 3: 1 Vi1 —IVE—XFET

T i
B LRREEE 1743
| 72N XLV P RI4 7K

TR —10—R—Hl
EM MILVZ || 110 Nm 127 Nm
BANLZ | 500Nm | 530 Nm
RERE 6.00kW | 6.00 kW
BRI 20.0kW | 25.0kW
TE MR 382rpm | 450 rpm
B RKH 1110 rpm | 1200 rpm
A IDIEN n

Het

23.2 EBENT VT 1 THikEwiIEN (Electric Power Steering : EPS)

BE)NT — A5 T ) v (Electric Power Steering : EPS) FHIZ maxon 18 250 W £ — X % Fi &R
HIZELD I TE Y, AEESIZEET VT« 7THiRIRE IR ATRETH 5, EPS DAME %X 1512
R, BNEEREA AT A £0.35 rad, BiRAS +0.15rad TH 5,

2.3.3 AUTOBOX-DS1103

Hm I 3 > b g — 312 dSPACE #:® AUTOBOX-DS1103 Zf#H L T\ 5%, MATLAB/simulink & 5
Ve Ca—REARL, BREHE—X RO EPS 243 %, BExHDAD, DA, =T 31—Xch#%
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Fig. 15: EPS HHE— X

o, XV a iz L Ty 7Y —> 3> [Control Desk] 2L D&V HHED) TIVLRA LEZX
MTESE, VIILRALINTA—RDFa—=u 7RIS 7070y NWHEETH B0, EEriT
SOIZIERIZEBN T WS, B REBETT - X 2317 L, MALTAB T2 2 7 2{ElT& 5, X5

WIZINEMEIZENTE D, 8V 56 60V &IEFICIRLWETE CESEIT 5, AUTOBOX-DS1103 D48 M % X
16 12/ R9,

Fig. 16: AutoBox-DS1103

234 /NvyF)

IANVF—EEPRENWIENPSEVAHADIALF =Y — AL UTHEEINT WS ) F U LA 4 V&M
NHEEINTWE, 1vIL16V OEME 10FEFICERLTI60V &L, FEFav/itk->T320V
WWHIELTWS, ABEEROERZE/ILEREZHAY, SVOBEEZE=XY VI LRERBELITI,

I 512, AUTOBOX A v /N\— X O], mifkin EPS HO®EJHE L THEHEFALU XA 7DV
FUOLA A VEMEZEY - VEHLTWS, HLZY FU LA VERONEZX 17 1TRT,

_22_



Fig. 17: FPEV2-Kanon ® YV F 7 L1 7 V&t

235 [ERAAUgGEVY

FPEV-2Kanon (Z13kk% 72z VY BER I N TE D, HlE#S 2508 T 5720D/ T A —-X 2HET 5
ZEMWHRETH B,

1. 6l Y : §iERIEEE, BNEE, ERIEE, 3—L—F, ¥yFL—bh B—L—F
2. EPS T O —X : §ijt&lin D EEfE A
3. N AEMRGHEE « AR, BN D A

4. B2 rY  BigDk))
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ANil%y
JdiT

Ay TEREEMRERINDATF—NICE D
ICKDRAERGRHERER) v THRIEE

RAYHERRKBAHHAT 2720120, p- RO —2 2Rl A) Yy TREMDBERDH L, %
T2, ZRAYVAMBOWED-D, RARBEEEGEIERS A THIIENLET LWL, KETIZAY v 7]
R L ERE 4+ 75 —o% (DFO) 2 HWTHi/NT A — X DHEE %2 ik A D,

31 RV THERERENF THF—NZRAVIHE

3.1.1 R vy TEREIER

EV 23D Ed e MV 27 a2 WK, Hilgd e 2 Y v TR E SREEICHETE 5, AV v TR
RIIFATAT A VT E—REHWIH DR ERRZ H2H5([79], AW TITIARNZ: PLEIEZ HWW 5
AIFETHNS A Y v THRHHRZ Fig. 18 12T, ARV v THRENHR L, £S5 RKEEAEHE
X BB ) IR 7 Ehk & 72 EV O B EEFE O & 70 5 BELHIER TH 5,

2y TREEZR T, BHAREE GO ERE AV v TRIGAEE I HigE O RS % AR L,
Pl bE—JI2&koT LIS EZ AT S,

2) y TRIFERE & HBETEBNRR LD, V=LV AREEIZIIALETH S, BAFD LS
ERoEHR N2 B L THESMEE LTHWS

Yig = Voo, = Vig) [ Vig. (3-1)
BRI D 2 ) » THRIGAEIL
iz = Nij /(L= Ayg) (g3 > 0). (3-2)

OEBEAH D, 0FFETIHHEZFIXFIEEL W, A vy TERIESHEO LAY Bb 5, EX2HV
THHET 5,

_24



Tf>X< w f
. 0 PI —»
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—»| v+ +>9—> PI

i L 4

Fig. 18: Slip ratio controller.

Vehicle
Model I 60

*

312 RY vy TREBHRREFROIG

2y TREATIZAY v TROFREHEDOHE RV BETH D, 4 dwfh 7 ERE)H Tl 4 b % HIEKE) X
5720, eSS HKEERZG/Z0, AV Yy TREFHRT LI LN TE RV, TDH, HlO
FETINODIFREIET 20E D5, HEREEDEMALZE 5121, HPXNEREE GPS OF
HANEZoNDN, BiF TN Sl S LHEE) Thd I L, BHFIIKEXY Y 7Y v 7 AMOK
SWETH B, —H, RIEZETITEEEHECRY v TRKEHET B AV v TRIEEH (DRE-SRE)
[26] BMEEIN TS, DRE-SRE Tlk, U FDOXZHWTAY v TROME%EIT D,

T — rFpr + 2 Mw

SO S yCTC Y ©-3)

(3-4)
EATHYT Fpr & 3-5) TRI NS,
1
Fpr(V) = poMg+0|V|+ §PCc1AV2
= a+bv|+cV? (3-5)

T T, o \FHEDY D BEEAREL, 013V O—IRIZHHIS 2 HBUREL, p 1ZHEK[UEE, Cq 3R, Al
HIABEERTH S, ZDLDIT, VT EHigHEE, AiERIEEBHROANPS A vy TREHET S
ZEDABETH B, 72720, IEPSEEDY D Bb D THENPFKIHT HHHEMENH L P, XA L
IRNRIATHRNTHROVWIWMP Y Y 7 b R I1 TDH BEERTOEREH DL, HELINTVR
WIED B B,

3.1.3 EARERFREOEEFE

ICEV T, FERAIZANST 20 Yy ML 2 EERETE W0, KIEFATH 25 h%2#E 9
HZ LW, —HEV T, E—XBHENTEML2I3ERISEHRTEE20, BEHhA 75—
N (DFO) 12 &K 2EREN N HEE DB D TH 5, BRI EiglZFHT 2 REMEOHEIKE I TH 572
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% * %

f /1; - Iy w;
—» Va3 Pl —> > V " /
4 Vehicle 1% @ it

Pl —p| Model > I
V + — * f -I w/’s
ref T, —® >
* -
1 Ny M(l,g-h,a)?2l ‘
<£-Mﬁ}*J — <« Ur [ DFO

Fig. 19: pmax estimation controller and driving force observer.

O, BEELRE py OHEEIE (3-6) THEBITEZ 5,
2Fy

M(l.g — hgay)

Fig. 1912, BARBEEHREZHET 2 A v THREHRZ RS, A2 ERBRICZ2T 2% FF

DAYy TREHRIC K > TEHREIS 4, ZigdEAEEHIEHRICE > T EEE Ve 252,

HIfRIC 52 5 A v TRIEFHE N BIRATH A 515,

fif = Fy/N; = (3-6)

)\; =K sin(27rK2t) + K3. (3-7)

2V w TRIBEDIEFLFE DN T A =R K, Ky, K3 L HEEHRHE Vo OWENEETH L, K| DA
Dy TROEHEEZ RO ZDY, TR v TR N ODEMKERERD DFEE DD > TOIULNS WA
BLFELW, £72, K3 BFARRICEBE L ZDOFTHEICHE T RETH S, Ko & Viep IFHRBEEREIHEE D
2L RRE AX et ZIREL, UFOXNTEA LGNS,

AX,ufest = ‘/ref/KQ- (3‘8)

PEIH DI KEEBURBUINMEIZ X > TEFT B Z RTINS 20, ORI/ N WY
FLW, LDPULEDS, Vi DMEWE —EEEE I T 2 HEERE N TEL Z>TULE S, 77,
Ky 13 AV w TREHZROWEIEIZ L > THIRX N5,

32 232l —2avilLB uZttOH3RE COHE

AT p ZBDODDEHECTHE LZBEDY I ab—y a v 2T\, R2HET 5,

321 YIal—YavEkt

V3Iial—Ya v THATAHEGD/NT A —XIZFPEV-2 Kanon & [A—& 3%, AV v FTREHZIZ
9% Pl HIAHEE ORI FEREH M 12 K 5 EERMGE L 5 L\ 15 [rad/s] £ 9 5, BAREE T 0 [m/s] 2o —
TENEE TR, HEEEREE Vg THO—EME 5 & 5 ICHRIHERZ2FEET 5, DF D,

agt (0<t<t))
Viet = ) (3-9)
Vest otherwise
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Tab. 4: Simulation conditions of (. €stimation.

Initial condition | V'(0), X (0) 0 m/s, 0 m
SRC Ky, Ky, K3 0.1,1,0.1
Velocity control | ag,t1, Vest 1.0, 3.0, 3.0

Road condition | fimax, Apo ,0.16

{Q505§X§2a

0.2 otherwise

30 m

Fig. 20: Illustration of the simulation of f,x estimation.

THZOND, HEEHEKEEIZIGERIZAY v TREHRIC X B ATHROEE 2 A X — ¥ 25, Table4
IZ fimax EED Y I 2L — 3 V&M% RT,

BRI D fimax 1205 L2 02DfEZ2 LB X 51207, TNETNT Y NT AT 7NV NENRNT X =) —%
MELTWDS, #EBBROMEZ X =0[m] &L, 15< X <25 DM inax =02 THH, TN
ADXHNE pmax = 0.5 LE LTz, R Ialb—Ya VTREEAY v TH )\, =0.16 & L7z,

322 YIal—Y3aviER

Fig. 21 (2 pimax ¥ I 2 L —¥ a VR Z/RT, Fig. 21(a) IZ XX, BIeD A Y v T3\, (355 1E
N5 AT U T A BB DTN Z L AR T E 2. ZHIEH S 2 ICHIBERR ORI OB S ARKTH
5, YOEFEIIHTE2EMMEEZEDHIZIZA) Y TRIBHHENTA—RD K & Ky 2/NE LT B0,
HIER DO EE K E L TEHBENDH B, Fig. 21(b) THOS DR K 512, ARDEREI 12V IZIETH

2L, #inEETH D, TIUTEERHNEL & 5 L IEOEREIS T 582 Dxf U,  HAR Gl
AP —EHERESLLTVWENSTHD, TOME, HEHEV IZIFF—CHELR>TW5S (Fig
21(c)) o BRENIHEREAE Fi_pro 13 FME Fj_rue & & <=L TH Y, DFOIZ X SHEMIT T DEHTE S
FEDENDH D Z L2 RLTWS (Fig. 21(b)), HMAIZ, DFO D71y b A 7 JEHEIE 100 [rad/s] T
H 5, Fig. 21(d) (ZHERE BEBLREL 10y & BETHI DB KEBRE pmax & 70 b L7 B DEIRT, BEERE
D= R[] BIZEHNTVWSE Z EDERTE, TOREZ I pax (Z—FUTWVWD, pipax DRET S

&, EBRIFAY Y TRPESME? O KELSTNHEERNTER WD, RO u ¥ — 2 TIEHTHEEMD ¥ —

I MMEEIZ—HLTWE, ZDX5T, Ay TR L DFC 2 fladhbEd I LT, KRHEOD u%
EIZBD & T BRAEBIREL pmax ZHERE ST D Z LD HRETH B,

AV TERPEEA ) v TR N0 2 REHATLIAT 2L, BEITRKXMEMNECHT S, Zh
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0.3 T T 1000
— 500F
- z
< S
.% £ 0
= 2
§ g Ff»true
A 500 F Fr-t:ue
- _Ff»DFO
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(]
W

0 5 10 15
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(c) Velocity V. (d) Estimated friction coefficient /i.

Fig. 21: Simulation results of pi,,x estimation.

£, Apo (FEREI BRI T B ETRICAIES D & B X o, HIERRDL S FTHl, HEENWWETH S,

3.3 Buig ETOHERERDIRE

RET 2 pHEDOTHEEFEHZ IV THERIRIEL 72, Table 5 IZFEBRBGED#SM 2 RT, Y Ialb—
va v BRI, HEEIHEE EAREE Ve £ THEL, KuBEELERICAY v TREERIC L 2HE %
flEd %, Fig. 23 [IZEBRMEEOM T2 RS, MuliE@ED 73— MTX o> THEI N,  fimax E5EEIT
HBOLRETHN02 TH D, AFEETIE, PR EMRHEE 2 T HARH D FLH % S U 72,

Fig. 24 12 fimax HEE D FEERAEHRE %R, Fig. 24(a) IZA Y v TREZRT, IZLHD5[s] TAY v TRKD
HEMIFKRESLEL TWED, TR FERNEEREGHZ L2 WEP BRI N TRV TH S (Fig.
24(b)), NFRHEMEE 2 HAEEA 0 D& ZIZON XL L HIEMHEIPHE N ENEMEND 72728 T
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Tab. 5: Experimental conditions of ji,,x estimation.

Initial condition | V'(0), X (0) 0 m/s,0 m
SRC Ki,Ky, K3 0.1,1,0.1
Velocity control | az,t1, Vinax 1.0, 3.0, 3.0

Road condition

{ wet polymer sheet (7.5 <X < 22.5)

aspalt otherwise

30 m

Fig. 22: Illustration of the experiment of fiyax €stimation.

HB)o WA Y TR N (FIEFME NG (fig FTIE Aer) 123 0.1 [s] DENDDH B HDDIEREL TW
%, FEHTEE#E Vwy 1 Ay QLIS THEL TWD 2 e 6d, AV v TREERIC L 5 ik
DAY TREHAD S £ Vo TWBE I LWBHERTE D, HREED 3 [m/s] TIRIFMIVITR->TW
526, HEHEERHERICK S —Ed ks KR L TW5,

Fig. 24(d) (24K w B D BRI D HECAER 2 R 9, AHEERRIZMHEN DN T 4 VX [(z +2 +
/AP EHWT IOy hLTW5, YIalb—va v AR HEEHENRELLEFHLTEY, Th
XTI R ORI ORI D EA 72 Ehk 2 REHAEZE Z 6 b, UL ULRA o, HEME LI &z
022 03DHTEHL TV, mMAMHEIZHIBEEFHTE S, Fig. 2512\ & 4 DR Z/RT, A
PN VI, A EEMAHCTIEZRRICZEELTWD, Tk, AV TERBTEAY v TELD/NE L,
R BRI 2RI H D00 THD, —F, ADBPREVEE, 4 BMPVEFZENRLES
fIFIL TW5, saturates even fine fluctuation entails. BIFIRED o D% & 5 LB X £ 02712725 (Fig.
25 DERNIAR) ., £z, o ORIFNEAY v TENPO01 55 02DMTRI>TWE, ZOMELD,
A2V TRIF0.16 LHEL, AHEMEEZ A v TREEHZOY I vy X ULTHWS,

ZDEDIT, AV v TREEHAL DFO 2 #lAGhE 52 & T, MAKBEEBRECHERY v TR
ETDHIENTRETH D, HEENED T2 VEITIRE O ERRIE O R HEE) TR T
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Fig. 24: Experimental results of pi,,x estimation.
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Fig. 25: Enlarged view of A and p curves.
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45

ANil%y
JdiT

5 R B85 OD B K B o] o 8 ol ]

Ay TREEREZ AVIE, BAEERERY) Y TRIZED S Z LT, HICHBHHERAETES
7z, ROIMER PP HE L 725,

DEY, HAREBLECCRERY v TRABHMTHIE, B O BRIERHEBHE A TREE 72 5,
A CIIEHEFIEHEEO A TEREZITY, YIalb—varveERIZK-> THRIET S, 2L T,
HIE THE UMM T E 5 2 L 23T 5.

4.1 sEFIEBEDENL

411 ERBREMOEFHTTIL

ARECIRERREE T BRE U 72 4 TS R B A ] 572 BB OEE)E T IUIZ DWW TR S, 2 Z CiEE
EITDAEZERT HDT, EADMVZIFEFELW, 72, REEIZERD, §EIRET VEE LT, &R
BHR XY v 7 A — A X B REMEOENEZRS 5, HimoD [FHHEE) G 4-1), HROEE) S
X 4-2), @-3) TRIND,

Jo,ubj = Tj—rF; 4-1)

MV = FEg— Fpr(V) (4-2)

Fa = 2) F (4-3)
Jj=fr

ZZT, N; ZHmAHEKEV, RHERED F,) CHEEL TWD & ORI —mY 7D DEEH T
»Ho, RATRINSD,

1 /1, h

NAKQM::2<lMy—fM@—EmWH>G+Dﬂ (4-4)
1/1 h

N, (V,Fan) = 3 (lfMg + Tg{Fau - FDR(V)}) (1+ DF) (4-5)

ZZT, lyp, I FHEIEREORD S ATREE R £ TOHM, hy FELETHD, TDX DI, HEDIE
ZSNIATIROMEINS <D, BIAKRE <25, Bz TXTh e 3HIThs, £/, DFIZ
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RV T —AZ XD EOHNZRLTED, MATRINLIEDLT S,
DF = KppV? (4-6)

Kpp l3ZBREE, P4V ITORRIZE>TRELHRETH S, ZZTiEffifftoo, Xy
T & — AFZE LRI & FRRICEARE M@ E, HEO 2 RIZEHITEELTVWE, BTV 74— AILHE
SO E 2 B0 U, NEMERE, fEmtiae, BEHMEREO M EICAAIRABELZTH S, LELERAS,
By T4 =A% KRELLLD & TEHLEREHH NG DAL D 5720, FEEVPBLETH D,

412 ERRICH T IRERERE

ERREIZ B S RERHEFEIRIATDO L S IZEXETE S, =D I —F —1ib EADITBIF5H
M DALE LB EE L, ROA—F—DELEANREEZFMAELE UTHER D,

min, 4 :{/bt -7)
st Fa(®)] < Fim(fimex(X), V) (4-8)
x = f(z(t)u(t))
_ ( ﬁ( all_FDR(V>) ) (4_9)
V(t)
x(x(to)) = =(to) —xo
= (14m%—% >:0 (4-10)
X (to) — Xo
Y(x(tr) = z(te) — ¢
_ ( Vite) = Vi ):0 @-11)
X(tf)—Xf

22T, Fim(imax(X), V), x(@(to)), (z(tr)) EZNENEIRHELE 1, WISl SERETh 5,

B K SR ED Y

Fiim (ftmax (X), V) 1Z4EETORA YHH L S 255 OBRADHIERE I TH 0, BARBEBIRE fmax (X)
MRV OB E T2, BREERARE fmax (X) 1S HE OIRDZAL 2 5 58 L HRDOALE X (1) DB
e d 5, mAKRHIERE D ATHAEE DBIIZE > TWB DI, X2 74— A X AHTHED RN
ZEBLUTWR0DTH L, BAEHEREIN Fin (fmax(X), V)1, (4-3), (4-4), (4-5) IZHKREEBRIRE
pmax(X) ZRATZ LT, (4-12) TRIN D,

Fim = ftmaxMg(1 + KppV?) (4-12)

$7e, EREEDSRINT 5 L, T— XOMAHIIC X > TRETE ZERBAAVNE < 125, B %
Vwj, E—ROBAIE Pone; 55 %, E— X AL TR AR BB 1 EEMIKIZ KO R TR S
ns.

Einlfj ~ max—j/ij (4'13)
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B A YDA BRI KEEF I fimax /N TH 2728, HEHE Vw; AT ORMZ 238546, 5K
R R AV IR 6 — X HOHFNZYI D o 5,

ij > Pmax—j/,ufmaxNj (4-14)

T, E—RDBMKMIVT Thax IZEBHITE HD5E, FETE DEENIZELHNIZEATD & 5 7]
%%%Liéo

F‘j ~ ﬂrlax/r (4-15)

BRI OB ARBEBEEA K E WEEY, HEAERIIN LU THIZRERRK MV PERAEI2E—X
DEF O TWRWEGEIE, XA VIFEIET S L HIZE—XD ML IO N CHIfRE X 15,
WOEE, HEEEMENRHE X A VIR, SVRIEE— X HRCHIEREI X N5,

DAL, HWE 7L —F O ZRTIRICT 52 2T, HIERFIZE— XX 202 8L, X1 Y Il
DHAEBEZDIEIZT D,

INV ISV

RAERHMEO BRI, FIHPREED 5 RN OB BIRE 2 R/Mbd 52 2 ThHh b, 22T, K&
B DEAL % R TIREBAREN (4-9) 1%, HIHEIAT Foy O—REAEIZ R > TW5, HIEIAT Foy & (4-8) 12
Lo THINZZIT 2720, HIFIZKDRAE iy &B/ME —Fin 720 %2 & 0iE, REZEDVE -6
RELSZL, BERHEPRMINE Z 81205, 20 L5112, REREMEIZEWT, REHEA
DIAREXFFIAT E AT O —REB TR T NS 56, HEADIZEREIRMED A% &5 L)
Do TW5 [80], Z 4% /NN VHilfHl (Bang-bang control) & W5, /NN VHIENZ 72 5354, HIEAT
D KRMED? S B/ME (B UK IZZ D) NS 58] 0 24 t(Switching time) % 3K 5 Bl 7 fi]
BUZIFET 5, SRIOEREICE I 2 RERFEMETIE, 12U OIIRKEEE N iy, TIEZ2470, )0
B AL £, &2 U RRHE ] — Ry CHE ST S W 212725,

4.1.3 tIYEZRZIt, DEH

Y0 B AR t, OBHIZIX, 4-2) ZBUERNZHES ik, WS OB /I NZIED FT 4-2) %
FRATENZ R < HIED D B, MFIETI, 4-2) ([SHIHIHE V), Uk Ve, BEIEE X, = X — Xo
BHEZ, EDSHEHIZE L A0 0 B 2R t, 2Kk B,

EmOEB AR ZHENICHECAE

ZDIETIE, MIndlEh o (4-2) 2 R HEIIZIRE, BRRHIEIN — Fim (tmax (X), V) THREE U 72
it DEEHE & B DALEZIRD & S I2RD B,

Gult — A1) =~ (Fim(t) + Fon(t)
= —% ((Hmax(t)Mg + a) + bV () + (pmax ()M gK pr + ) V(1)) (4-16)
Vim(t — At) = Vim(t) — ax(t — At)At 4-17)
X(t—At) = X(t)— Vim(t — At)At (4-18)
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Vi curve

Fig. 26: Vijm(X) Curve.

T &Y, fiE X 1T U T, #ngt & il7z $RAEE Vi, (X) 2R 605, HEAAI#HE V() &
REfE X (¢) DL, VI(X) & Vi (X) & HEET 2 2 & THEBAY 0 B 2 15%] ([i@) »9hd, 7
U, BRFUHEIE Vi, (X) B2 X OfEIZH L TE X 5N T WA 720, WO MRAEE At 2+ & <
TEBEND L, BT 5V Ial—rarTl, KESMREEZ Atn] = AXiterval/Vim[n — 1] £ U,
—EHHTXYNS X512 LTWA, Fig. 26 (28] 0 F XA RZIEHOME&R %2 R T,

EmOEB AR Z BITEICAECAE

BETHT D e K BEBREL pimax DVHIZ —ETH 5 LARET UK, HIEIRF O EE#E DN RS 5N 5,
4-16) 2D HRADIETRT AT D L D125, b, &M 7L —FoftHz2EEL, ©—
ZDE K I & BHIEIIHFNIEE Z TV,

Ve 1
T(Iif - _M ((:umang + CL) + bV + (MmaxM.gKDF + C)V2)
/
— — (V24 BV 40 (4-19)

ZIZT, d=timaxMgKpr+c, B=b/c, C'"= (umaxMg+a)/cd TH5, ZDWHHFENIEFSHTERK
ERTHAARNEHWTEREMS TE S, Vielts <t <t;) IFRDEIITRDZZENTE S,

4C" — B2 'V4C" — B? 2Ve+ B B
Vaec(t) = tan | - (ty —1t)+ tan ! AR (4-20)
2 2M V40" — B2 2
VAC'—-B? —1 2V;+B
M cos(C sip——(ty —t) +tan™ ——L— 2) B
Xaeolt) = 7o sy gt (4-21)
¢ cos (tan_l \/h)

Mgt & U T Vaee(ty) = Vi, Xaee(ty) = Xp Wz, 0O OENfEEZA VS L, KELFITIT3
O GETY W B AL ERDDZENTEE, —DOHDAIETIE, 4-20) & @-21) 2HNWT, t%
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MU ¢ 22 SIHADZIL TR TN E, WE DBIRE RIEE Vae (X) LTy M UTHIHE, BH
N < IR [ARRDFIETY] 0 AL D05, 72720 2054, BAEEITMKN R X Off
HLTEZONTWESZD, Ty NT2RHEOLAEEZ /NS TE20ERHD, £/2220HA
ETI, BUEDALE X (1) 2 SRALE X £ TOHMEE Xais(t) B E, Xaee(t) = Xais(t) 272 TH5
UitlRef] ¢ p & BAERNIZAR E, % Viec(t) ITRA L TRD, ZNEBUEOEE V(L) KT 5, ZD8
&, ALE X (1) BEALS 2 72 NSRRI ¢ 2 BUERNZ R K BED D 20, IEMEZRE] D & 2 ZIAR e
5Nd, 3DHDGIETI, HEICIHIT 2ETEITZ b =0 2IKEL, Viee(Xdee) DR ZE T
%, ZOHE, (4-20), (4-21) XfHflbI, (4-22), @-23)DLHiIcRKIN5G,

Vaee(t) = VC'tan ( i (ty —t) + tan W) (4-22)
cos C/m(tf — ) + tan~! L
maw:4¥m (M ﬁJ+& (4-23)
¢ cos (tan*1 %)

(4-23) 22T 5L,

M -1 -1 Vi ) — (X ;= Xaee(t)) -1 Vi >
tr—t = cos cos | tan e M\ T Rdec — tan™ T —— 4-24
s T ( < Vel Vo (29
NESN, Thz 4-22)IZTRAT 3L,
Vaee(t) = 3 (X=X [y2 1 01(1 — ¢ 3 (X —Xaee) 4-25)

Y Viee(t) & Xaeo(t) ZBHHISA T 2 BRARESNB, 22T,

V [’
-1_"f
cos (tan \@) = sz ol (4-26)

DOEBRZEHAW, V(X) 2 ZOR& RS IE, TR BERICHEL Z & B3R E 2720, HHIEMHIZY]
DEZKERDDZEMTE S,

RAERRBITRONE

BOEREEBHIE T, B O R KBEBURME BB A Y v TEDBBRHITH D Z e DA RTH D, &
1923 —RAZ2HFMTERBL, AV v TREDEZ BIREACE B208 6 BB A 7 — N CEEREUE
HeE T NIE, RRKEBEEEROY Y EVIDHETH I LEZOND, TDD, HKEEBEOMEIZ
FZBEBEHSNUHEIONTVWEREDELTYIalb—YaviiTd,

42 Ry THIERICK DREEEERSSIEOIAL—a Y

B U 72 R E B I Tk, X1 Y HERKRAEET 2H8ELNDH D, EVTHNIERY v TR
HEREHOCTEREAY v TRCHETE 5728, BACEKBEVAGETH D, Wi CTIIRABEERREL
BOEAY Y TREMET D TERZEELTWED, 205 OHEEEHA U T 2 ke R R E 5 i %
FEHTES,

ARETIEY I 2L —v 3 I & 2 BIERFEBIHIHZ TV, T OEMER pmax HEE Y] 0 & 2R
DEHDOEIM % RT,
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Tab. 6: Simulation conditions of minimum-time maneuver.
a, b, ¢, Kpp 109, 0, 0.602, 0

Vo, X0, Vs, X5, AXinservar | 3 m/s, 0m,3m/s, 30m, 0.01 m
{02@0§X§2m

0.5 otherwise

Hmax > >\p0 ,0.16

Fig. 27: Illustration of the simulation of minimum-time maneuver.

4.2.1 tIYEZIRZIDIEIE

BRENE— XD MLV ZITERLZDT, BREPREED S HIEPREEATIDFEZ 5L &, AV v TRKOEILIZ—
EORHEID DB, ZD70, Y10 XML %2HET 208N H 5, G0 &AM, HIEE XV (1+ o)
M5 V(1= Apo) NEALT B, Z DBEPEHNZ D0 B AThrans 3B L ZMORTEE NS,

2200V T
Aﬂrans = % (4’27)
max
Z DONZEHEI X AX pans 72 1 EA,
220V2J
AXtrans = VATtrans = % (4’28)

TEHEZo6ND, ATiyans 2V O BEZRL t, OEHRIZEET S Z LT, Yo BRI SEMICEERT
57 F=N=5 7 RS ENTE S,

422 TIal—IaviEk

YIalb—Ya vEM%E Table 6 & Fig. 27 1ZmRd, Y Ialb—Ya VIZHWEEGANI A—-XEIh
EFCLLETHD, R¥Iab—2arTld, iEHE30 [m] 2B 5 ZERH % 5oMb 9 5 EZflE D
ARECHDHI L E2RT, MIEOYIalb—ya Ve[RRI, uZBdRNE2HELTWS, K2
U, M&>72 pmax(X) TEHZ S S IRELEINZGEDY I 2L —Ya vEfiotz, ZOHE, &K
PEBARBUERIE pmax(X) = 0.5 T—E L U, KulHo X EHEINT WS, KB CIRIRE NS
{5720, Bk 2H-E0 kbl erFHING,

YIab—Ya TR (V, Xy) 27 3 BARHREIHIE R TH 5 Z & 2R, Hlidd
MIALE X ICEBEL 28556, BEAREEIMKEE V, 2572 L TW0WaItbsdyIal—vavik
RT3 5,
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Slip ratio A [-]
Slip ratio A [-]

Time [s] Time [s]

(a) With estimated iy (X) (b) Without estimated fiyax(X)
data. data.

Fig. 28: Slip ratio A of the minimum-time maneuver simulation. \ takes either Ao or —Ap0.

—
T 04 —

]
= & %

o

Friction coefficient y [-
Friction coefficient p

=

(a) With estimated fipax(X) (b) Without estimated ftmax(X)
data. data.

Fig. 29: Friction coefficient i of the minimum-time maneuver simulation. Thanks to the SRC, p always stays

at fmax-

423 YIal—aviFR

Fig. 28~Fig. 31 I2¥ I a b —¥ a ViR 2R T,

Ay TREMAZ AT S ZEDORME LT, pmax PEBNZED S FTHIBA S 2 BHIZ Ny 2 TH
FRWZ & TH B Fig. 28, A\ HEDZEH (0.011FY) Lz& LTh, p-) HifTIEERAMEETE
YE 570, BEIHFEIZRAMEE NS, EUW ppa(X) HHRIZ L > TREL S NG EOREEZ R
L&, MEMTHRImERM (Vi Xy) = (3.0,30) &7z LT3 Z A3 h 5 (Fig. 30(a) 3 & U Fig. 31(a)).

2200 Iab—YaVFiRTREKERLZDIFUDEANRM t;, THD, KulEbERLEGELZ
I TRVEBED t, IFFNEN19([s], 20[s] TH D, Kul&nnd 2HE1XHEIZE DL DFfi &
P x B 5720, YO BARLPRL 25 DIFERNIZEETE 2, DTH 0.1 [s] DETIED DD,
ZOENIKRERE N, KU EICENET 2L 04 [s] BER S, ZTUT, KimdEEIEEMTH5 3
m/s] 12U, RubkzZELRWEEIL6[m/s] 2 KELS ERD, Wbpd 7" F—N—=52 7 45T
Wb, 2OV Ialb—YaviRkD, REEOEME L EMER pmax HEERY) 0 B ZRELOE R OH
TEAR S Nz,
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Lo ow
g & 8
[m]

=R o ow

S8 & 8

Distance X [m]
O
>

Distance X

w
w

Time [s] Time [s]

(a) With estimated iy (X) (b) Without estimated fiyax(X)
data. data.

Fig. 30: Distance X of the minimum-time maneuver simulation.

15 15

Vw,

- —-Vw, - —-Vw,

>
>

Velocity [m/s]
Velocity [m/s]

w
w

Time [s] Time [s]

(a) With estimated fiax(X) (b) Without estimated fiyax(X)
data. data.

Fig. 31: Velocity V of the minimum-time maneuver simulation. The maneuver with correct fi,,, information

meets the terminal velocity condition V. While the other violates it.

43 EMREICH T 5 HEREEE D RRREE

VIalb—¥a T RBRERIC B SR p-) iR 2 BT E 57280, [ THAR LN TH
5EVWz5, UL ULADS, BETIKEERN® XA VYOEMESREPHZTEIT 5720, EHE
AWMGERARAIRTH B, £ I T, Mug L CRERMEESHEOEREZITV, YIalb—vare
AR DA DFEF & 72 B h & MGE L 72,

VIS LR IEZNE N V) = Ve =3 [m/s], Xp— Xo=12[m] & U, HIEOHEETHS N
B K BEPRARE fimax = 0.27 LHOHA Y v TR N0 = 0.16 2 Y] 0 F 2L DOEH P 2 v THKHHR D
SRS %, Fig. 32 IZFEBREME 2R T,

FEAER L O D72, FEERMGE & BEEPRILDE U WM T » 7 B EE HlIH o> I 2 b —
¥ a ViR % Fig. 33 IZRT,

7z, EBERFELEB)GIE O FERFE R % Fig. 34 & Table 8 IZ/RT,

Fig. 34(a) [ZHTHRO A ) v TRIGHME N} LA AROMEMEZ R, MPITIORLTWRWA, Kia
BHELWAY y TRIGTEZ GBI L TV e Z2ELLTEL Ap & Apy IIEDE N} 2 doDicB
RERTETVWEI LGNS, ZNIZED, X-VHIfEEYIalb—varyorhe i FFELLR->T
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sphalt

——————

12 m

Fig. 32: Illustration of the experiment of the minimum-time maneuver.

Tab. 7: Experimental conditions of minimum-time maneuver.
Vo, Xo 3m/s, Om
Vi, Xy | 3m/s, 12m

Hmax; Apo | 0.27,0.16

W5, (Fig.33(b) & Fig. 34(b)), T, mKEEBECEMRRY v TEOHEE RN ZYTHY, 15
BHTEBZERLTVD,

Table 8 (21X G) 0 & R WK t,, FArEGEl ¢y, FIHE Vy 2R TS, ERERIFY Iab—Yay
L0 HFEREPEL, BMEEEDLRIELDBEFREVERELoTVED, THIFAY Yy THEE 0
OIRFEC RSB Z BB L, AV Yy TRPRERY) v TRIZEET 2 ETIIE X204 [s] 2 H
LTWB7DThb,
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Slip ratio A [-]

Slip ratio A [-]

0.2

-

Velocity V [m]
[\e) w E W [e)}

T

(==}

(==}

4 6 8 10 12
Distance X [m]

(b) X-V trajectory.

Fig. 33: Simulation results of minimum-time maneuver.

_/\f
oA
)y
0.1}t
O L
0.1F
b
02 i i i i i
0 0.5 1 1.5 2 25 3
Time [s]
(a) Slip ratio A.
02}
0.1}
N
-0.1
02}
0.3

Time [s]

(a) Slip ratio A.

Velocity V [m/s]
[3%) w ES w [=))

T

(=}

(==}
LS}

4 6 8 10 12
Distance X [m]

(b) X-V trajectory.

Fig. 34: Experimental results of minimum-time maneuver.

Tab. 8: Experimental result of minimum-time maneuver.

Simulation | Experiment
Switching time ¢ [s] 1.35 1.40
Execution time ¢ [s] 2.55 2.60
Terminal velocity Vy [m/s] 3.0 3.45
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5%

ANil%y
JdiT

A-Method ICE DK 1 VY ERERFKILED
=k

dUl

TIZET, RRBEERREREAR ) v TEOMEFIEZRE L, [ERREE D BN [ B i 8 D F Bk
FEIZ K o THERMEDZ Y Z R U Tz, AETIX, Bon/zX A YRMENRT A —& & \-Method IZFED &,
RAYARMERRRAL DAy TREEE O AOKM2ERBMZENT 5,

INZERHTZEIET, XA Y2 EEMRAESE CHHT LI LA REE D, kDO N F 7Y 3
VHHENZIE R, XA Y OMEE D LG D 2 EIRHCHE R LU 728 L WEBEIA AR 8 5,

510 914 VYEFERgNERGOESN

EHERF (a = 0), AV v TERZ MLOMIEIL (2-17), 2-18)ITARATEI LT, A =A2EF50
%)o ﬁﬁﬁfﬁj’{flkﬁb, azoy )\:)\po O)H%y @@’f%ﬁMCi%j(4ﬁﬂmax%téo :*LJ: D, a/r‘\’,
ARz KR T 572D121%

LA = w(Ap0) = fimax (5-1)

ZiEIX IV, DFED, AV Y TERT PILOREIVHEITEREAY v TR N,y L7325 &SRO A
a LAV Y TR ZHETIUE, EED XA YO IZEA VEafEy ZRRET S I EAREL 2
5, 0DRESIIZLD 3B DEGEND S,

511 0<6<cos tA\o/2DIFE

COGEEWHE—RNEIERI LIZT S, |V > |VIDHILL, K >1T®H5, Fig 35(a) IZ5RE)
E— FOBAEDRMENERE RS, GXONT A = o & 0 DERMALD,

Apo sin 6
_ -1 0 _
a(f) = tan = Apgcosd (5-2)
Mﬁ:l—w—mww+% (5-3)

"Eond,
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V! V]

(a) Traction mode (|Vy| > |V ). (b) Coasting cornering mode (|V,,| =
VD.
/ |V Apo
Vi/ V]
V/IV
K
(c) Braking mode (|V,,| < |[V)). (d) Maximu lateral force mode (6 =
/2).

Fig. 35: Geometric relations of A method.

51.2 0 =cos ' \y/2 DFE

ZO5E e EEREE— R EIERZ LIZT 5, |V =|V|PRZL, K=1T®%%, Fig. 35(b) 215
Vel & — N D6 ORMZENBER 2 RT. DN,
Ao

4
MO =cos™t M\po/2) = 0 (5-5)

a(f =cos Tt A\po/2) = cosTt{[1 (5-4)
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5.1.3 cos! Mo/2 <0 <7 DIpa

ZOGEERIEIE— REMERI LT 5, |V < |V DL, 0< K <1 T®Hh5, Fig. 35(c) (Z il
BE— FOBEORMFNEGRERT, Z O,

a(f) = sin"!(\ysin0) (5-6)
MAp(0) = Xocosd+ /1 — A2 sin® 6 — 1 (5-7)
»Eohd,

£/, MAOPBRRIZAEDEMZ0=7/2%2RATHI LT,

Ulat—max — Sin_l()\pO) (5-8)

Alatfmax = A/ 1- A}29() -1 (5‘9)

MRS5S, Fig 35(d) 1220 L X OEAEMBRE R Ao DTN E UL, Gt max 1 Apo 25
L\ et 2,

514 REFEOREEER

REFETIE M-Method IZEDE, LEDXAVYIAMOIZXA VAMENTZKIELINDE A v TH
CHGE D AZEH U, BEIE—XR T 7T« 7TEME AOCNEEEP DEEDOFENAY v THKEIHX
B 0 ATHELTRETH 5720, EED XAV IAMIZEmD X A YEMELZ R T 2 XA Vil
2FRIETE D,

£ —DDREFEOEAL UT, REFIZHEETIHEEOANS A Y IBRKEREA) v TH
ERRAEEBL, Iz Ry TREERLZNE A 2 F—)b— TR DB HIER [31] DAY v TR
HIPRME L U CEBIMIC A ZIZ T 5 HiERH B, RIANNY a7V CHMET 2HE T, ZhEEHT
52 TAL— AR AIEIZ 725, ZHIEE 7TETH LU SEDY BT 5,

515 18MmICNT 94V HHEEO>Ial—>3Y

REFEOAMMEZ RT 2O, 1ITIHT XA Y HFIHOY I 2L —Y a3 vifio7z, Fig.36 &
Table 9 (IZZ DT Uy /KE Y Ialb—vavifEERd, Ry Iab—Ya vy TERERY v TR \y
ERAY T O DIESEEAE L, BETFHECLI->TEREINEZ Ay TR LBV Ao 2HN
95, TNHDfE%E A\-Method & Magic formula TREik U7z XA YETIWMIZ AN L, Fitg Fx &¥EH
Fy 2 hx85, XA VYIIOKREI FIX

F:VE;E% (5-10)
TRDZ, XA VEFE, KEZOHRIERNKS, MBS 0, n, &
N = |F/pmax N1, 1z = |Fx/ptmaxN| 1y = [Fy / ftmax N| (5-11)

TEtHET 5, Fig. 372 1IN 2 X4 Y HEEOY I 2L —y a VR ZRT, 0 =0,180 deg DI,
A YIIEEREBIZH S, ZOK, Fy PikfbIh, Fy l3¥0Thd 2 L h Fig. 37(c) P HERTE
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Tab. 9: Simulation condition of tire force maximization.
6 )\pO Hmax Vv N

0-180deg | 0.16 | 1.0 | 10m/s | 2500 N

Fx
\Y,
Tire force a(6) »| Lambda L "
6 | Maximization p| Method -
0 —»
__JE_>. —p>
0-180 deg

Fig. 36: Tire workload maximization simulation.

%, £72, 0 =90deg DRHIHIZ, Fx IZE O &0, Fy BTN TWD, § DEINTEDLET Fy
& Fy DSIERRIIRIZE L L, F R —EIZ>TW5, Fig. 37(d) THSL 2 & 512, X1 YEARKp
W1 2D, FEDORAYIARMO TRA Y ADRRMEINTWDE ZEhbrb,

Fig. 38 XA U XA Y ETIWIZH U N & a 2L S VMO XA YAMELEn 2 T0y NL72HDTH
5, N aD0ITIEWK, TS OMIENEMNT 2 & n B o THEMT 2D, 112725 &2 NLRERIE
BT 2, n=1%2%-9HE£AMHEIRE UTHFHEL, ZERA YAMKRRKMLFETEH L
A& o DIMAGDLEIZIENR S\, MFTEHHIE— R EHEIE— FOESZZNThiRiE HiETnR
LTED, ZOMETn=1L7R>TWE I NN 5, £, TOMETIE A = Ao DD 2D, H
HARDIMUTIE R A Y IER Y v TREBIZH D, BELIZETDIZDITHITSNIRNEHERTHD, Lo
T, AV TREBEED AZEICHHIRANOMEIBICINE 2 & S5 IHl#d 5 Z & THEHEBOZEIZE
JGHT 2 Z LR RETH B,

52 94 Y HHEIDRERIREE

FH A2 AW ERIZ &K > TR A Y I OANNEZBREEL 7z, Fig. 50 (ZEEBRTHH L ZHIEZRD 7
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Fig. 37: Simulation results of tire workload maximization.
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Fig. 39: Slip ratio control system for experimental verification of tire force control on critical cornering.

Tire force [*
Maximization |g—— ,1p0

SN HEEFERIZE DV T VS,

BRENE — N L HIBE— N CRABBBEPREA ) v TR\ DREINELIEHE LT, AFER
PWKTHES UGy — b ETiibh =2 eI ons, EEBRTHALUZX A YIZHKHAOEL D
27T NVRAYTHY, BN HIBHGFCIIKORI ANENT S, TDdD, NS5 RTA—-XE
o TEMLZDTIERWIEEZOND, BREDVS, KOFEIZE22D 5T, HlEKEIKDO XA ¥
DERDOAHRPERERLDZLHHERNTHL L EbONS, E, RABEERREHERIEZ A Y EafRD
BHOAZHWON, XA VIHHENIIEIAETHL I L ZHIL L THL,

i 28 3 2 B R O BRI R B E I Vier = 6 [m/s] TH 5, EBRHF M DMK 0 BT A
LT 6 & A Y IHRENCED K A v TRIEAECHlln 2 KB X ¥ 5, FRHT, BifRtie s oHonE %
2T ES, ZNTED XA VY OREE D AT 5720, Hilgic 522 A v TRIESHEDO K
SIFIRAITINS K0 B,

EXE)E — N DEE, Fig. 40(b) D X 512, XA VIO F S IZEBM D% % Btk A EBK & 72 5 A start
D ORI DERKR L 742 5 55 finish I L TWL 1T Th 5,

F7z, BFEIE— NCIERIEE LT, aifaiE o AL S TRIRAY v 7RIESEEZREA Y v 7
R A\po—trac CEE UHEBERBGEEL 72, ZOHE, BE O A2 0 DO AR A ¥ AMRO AL
FHRETH 03, AV w TRIESEZBERE L CTVWEHR) Y TERRZ MLOKEINEAERD, R
1 YRR TR0,

523 RBREWOBEIDHE

FEERTD XA YIIAIA 60X XA VEAMEn OB OO IEFMORN F,p & Fyp 2HET 20
DD, DD, (Fp— Fyp)sindy ~0 LKET D, ZOREE (2-5) & 2-6) IZHTikD 5

_48 —



Tab. 10: Experimental condition of tire force control.
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F. &£-""~"=--
5f M : \
/ : \
= - a
| ) \
Y : h
V.., =6m/s <- »----
Fyj

(a) Illustration of the experiment.

Fig. 40: Experimental setup.
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(b) Vehicle trajectory.
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Fig. 41: Experimental results of tire force control (Traction mode, fixed slip ratio as the conventional).
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Fig. 42: Experimental results of tire force control (Traction mode, variable slip ratio as the proposed).
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Fig. 43: Experimental results of tire force control (Braking mode, variable slip ratio as the proposed).
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Atrac(0) = Apot cosd (6-7)

(6-6)
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Fig. 44: A—a condition for tire force maximization. The two methods reveal remarkably different curves on

the braking region (A < 0).
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Fig. 45: s—n curve.
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Fig. 46: Simulation result of tire force control (A,0:=0.16, =1.0, $=1.0).
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Fig. 47: Simulation result of tire force control (A,0:=0.16, =0.5, $=1.0).
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Fig. 49: Simulation result of tire force control (A,0:=0.10, 7=0.3, $=0.8).
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Tab. 11: Condition of simulation and experiment.
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Fig. 54: Illustration of the experiment.
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Fig. 58: Simulation results (Conventional fixed saturation ;jmax and ¥;jmin)-
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Fig. 59: Experimental results (Proposed variable saturation ¥;jmax and ¥;jmin)-

— 69 —




—Conv
—Prop

5 10
X [m]

(a) Vehicle trajectory.

15

Steering angle § ¢ [rad]
S
[\S]

—Conv
—Prop
0.5 1 1.5
Time [s]
(b) Steering angle d.

Fig. 60: Comparison of the experimental results.

—-70 -




8 &

ANil%y
JdiT

+=A
M3 off

AWFETIE, VR —VE—XZ2HBWU-EXEHHEICL D, BEEARAZEEL 7221 vAfE
EARAL e HEEE AT AR R EZRE L, TNET, BREAFEIEOE—XIZXBAH
AR EIEEREZ R LT, 74— RNy ZHlfIZ Wz b5 2 > 3 VR0 Bl ) 22 e L, R
Bl 72 Rk 2 M PR EINTE 2D, HEICXAYOMT R LEED 2FICER LD DR
D otz, AETED BB DHIERTIE, 21 YOl BEAEDEEL 25 R v 7Rz BRI
U, ZORV Y TRIEHHEIZ) I v R 2HITEI LT, BOPTWKETHLiEE2BIEL, b2V a
VRIRZEBIL T\, E2AD, ZOAY Y TRY I v RIXEMRIT R EERENME S 1 5 o A
Dy TRCEEINTH Y, REHFIZRET XA YOMEY 2EBL TR o7z, TD70, EH
HUZATED I —F ) V77 — AR FETE TICHMEH DB ALENT 2N D - 7=,

ZZTARIETIE, AV Yy TRY I v REXAY ORI D IZEDE TENIZAIZNIZ T 5l G R
DIREZHIEL, FEHAMEDESOCERE I HIER Z EREFEANDBFIRTED L DITT L I L 2ilkAl,

9, HIEERE P EBRMGEIC X 2 3HMIC BB X A YRIE ST XA — R Th 5 EREBRE L o A
Dy TREMET D TFEERE U2, IR v TREIMER LS A 7 — N\ 2 fAE TR
U7z, IERIRIRDIESETA Y v TREIHCEHE X &, 55 nHEEERE 2 a2 2 & T, Bmo
BRKEEERE RER) v TRKPHETESL Z L 2R U, #EE LU 7 EHROEHENM: X E LR O 56 R
HENHIEIZ LBV I 2L —Y a v EERFEGEDO IRIZ & - THED» D 57z,

WIZ, #EE LR A VRS #R%Z \-Method X1 YETIMIZYTIID B Z LT, XA VEAMEIRK
B AN Y TR AOKMERPTEMTE N, Kol bx2 )y TREHER TR S Eah
SHERT 5 Z & T, EBRIZRA VYAMEBEMZIFL &0, BRI NDZ e 2FERE > TRUE,

BRI, Bonz2 4 YaMREREEEZFIHL, BEHHERICHWSONE AV v TRY I v &
ZREE O A HOE THINIZ AT 23EHEZIRE Uz, REFZOZLLYMERMREZ, (KB EoME
FDYIalb—ya yREBKEEIC K> T, EROEEAY v TR I v &% HW7ERE) IR I
RTERATYDORY) y TO/KER, I—F V77 +—ADEK, KL DRWEMEM TheR 7z Y, heklE
BEAKIEIZM ELAZZ 2 2R U T,

RBEUZHEEYAICHOETEHMIZIZET S A v 7TRY I v &% H 72 ERE) ) HIH R XAk D ERE)
HHEZRORD Y & UCHHATE 2720, WHRIPHH D TIE, 55&IXEREN I HIH R %2 —HIH AR
Ao T2 BREN ST L 43 WX R & M OGRS SRR R 2 EA L, Hikd e - e - sk

—71 -



D EEHIETZ ENEEND,

_72_



£ X Hk

[1] Y.Hori: “Future vehicle driven by electricity and control research on four-wheel-motored “UQOT electric

March II”” , IEEE Trans. on Industrial Electronics, Vol.51, No.5, pp.954-962, 2004.

[2] EFFPEREBEIRT XL X — T EIR - JORHES, TR R 2 R A 72 &R - IRBER ORIz DWW T,
http://www.meti.go.jp/committee/sougouenergy/shigen nenryo/pdf/023_04_00.pdf

3] RLKR=a2—X, A A 8RR ZRR L 2EKREF Iy 7 AEMEZRFE—E L) - RARE TR
REET N1 AD A IEIZ—] https://www.titech.ac. jp/news/2016/033800.html

| AfRE, TB/NUES BN EHEAES AR, IR E B RESE S & 8 H Rl Sl R, 2017.

[5] AR®IK##, R.L.Rodriguez, ARMEA, MW, TR, B2, BNEL, BAHEE, TE
TR 7 4 Y U AR EOTHEHER A DRI 2 ZMEMGET |, BB P 25 TR
£, No. 95, 2018.

[6] SIEMENS, “Press release - Siemens demonstrates first eHighway system in the U.S.,”
https://www.siemens.com/press/en/pressrelease/ 7press=/en/pressrelease/2017/mobility/pr2017
110069moen.htm&content=MO

[7] A. Kurs, A. Karalis, R. Moffatt, J. D. Joannopoulos, P. Fisher, and M. Soljacic, “ Wireless power transfer
via strongly coupled magnetic resonance, ~ Science Express, vol. 317, no. 5834, pp. 8386, Jun. 2007.

[8] G. Lovison, et. al.,”Secondary-side-only Control for High Efficiency and Desired Power with Two Con-
verters in Wireless Power Transfer Systems,”IEEJ J. Industry Applications, vol. 6, no. 6, pp. 473—481,
2017.

[9] Tajima, T., Noguchi, W., and Aruga, T., ”Study of a Dynamic Charging System for Achievement of Un-
limited Cruising Range in EV,” SAE Technical Paper 2015-01-1686, 2015, https://doi.org/10.4271/2015-
01-1686.

[10] T. Tajima, H. Tanaka, et.al.,”Study of High Power Dynamic Charging System”, WCX 17: SAE World
Congress Experience, 2017.

[11] EMS Nordschleife TV, "CRASH & FAIL Compilation 2018 Nrburgring Nordschleife Touristenfahrten”,
2018.

—73 —



[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

Hoseinnezhad, R. and Bab-Hadiashar, A.: Efficient Antilock Braking by Direct Maximization of Tire-
Road Frictions, IEEE Transactions on Industrial Electronics, Vol. 58, No. 8, pp. 35933600 (2011).

Jing, H., Liu, Z. and Chen, H.: A Switched Control Strategy for Antilock Braking System With On/Off
Valves, IEEE Transactions on Vehicular Technology, Vol. 60, No. 4, pp. 14701484 (2011).

Kawabe, T., Nakazawa, M., Nostu, 1. and Watanabe, Y.: A Sliding Mode Controller for Wheel Slip Ratio
Control System, Vehicle System Dynamics: International Journal of Vehicle Mechanics and Mobility,
Vol. 27, No. 5-6, pp. 393408 (1997).

Lv, H,, Jia, Y., Du, J. and Du, Q.: ABS Composite Control Based on Optimal Slip Ratio, in Proceedings
of 2007 American Control Conference, pp. 57485752 (2007).

INPTTCE, KIESHCRA, KR IER: “BREpMER L% HE U 72 /N B 5 H Bl B oD B i 5 i A0, HARKE
W23 SCH C, Vol. 70, No. 694, pp. 16801686, 2004.

G. A. Magallan, C. H. D. Angelo, and G. O. Garcia: “Maximization of the Traction Forces in a 2WD
Electric Vehicle, IEEE Trans. Vehicular Technology”, Vol. 60, No. 2, pp. 369-380, 2011.

N. Mutoh: “Driving and Braking Torque Distribution Methods for Frontand Rear-Wheel-Independent
Drive-Type Electric Vehicles on Roads With Low Friction Coefficient, IEEE Trans. Industrial Elec-
trinics”, Vol. 59, No. 10, pp. 3919-3933, 2012.

D. Yin, S. Oh, and Y. Hori: “A Novel Traction Control for EV Based on Maximum Transmissible Torque
Estimation”, IEEE Trans. Industrial Electronics, Vol. 56, No. 6, pp. 2086-2094, 2009.

Magallan, G. A., Angelo, C. H. D. and Garcia, G. O.: Maximization of the Traction Forces in a 2WD
Electric Vehicle, IEEE Transactions on Vehicular Technology, Vol. 60, No. 2, pp. 369380 (2011).

Mutoh, N.: Driving and Braking Torque Distribution Methods for Front and Rear-Wheel-Independent
Drive-Type Electric Vehicles on Roads With Low Friction Coefficient, IEEE Transactions on Industrial
Electronics, Vol. 59, No. 10, pp. 39193933 (2012).

Kamachi, M. and Walters, K.: A research of direct yaw-moment control on slippery road for in-wheel
motor vehicle, in Proceedings of International Battery, Hybrid and Fuel Electric Vehicle Symposium, pp.
21222133(2006).

INIT LR, RIEHCHE, K FFIER « BRENMER %2 BHE U 72 8/NR S E Bl B oD sl R ), H ANBS ik
S SCHE C i, Vol. 70, No. 694, pp. 16801686(2004).

H IR, =, B E, N - SEIEmO b5 2 > a Vil 5H & §ilFE, Vol. 50, No. 3, pp.
195200 (2011).

Yin, D., Oh, S. and Hori, Y.: A Novel Traction Control for EV Based on Maximum Transmissible Torque
Estimation, IEEE Transactions on Indus-trial Electronics, Vol. 56, No. 6, pp. 20862094 (2009).

—74 —



[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

Fujii, K., Fujimoto, H., Kamachi, M. and Yoshida, H.: Experimental Verification of Traction Control for
Electric Vehicle Based on Slip Ratio Estimation without Vehicle Speed Detection, Review of Automotive
Engineering, Vol. 29, No. 3, pp. 369373 (2008).

PR, AR - B & I E MR A BB R E B OERFIC BT 2 A v TRIEE & (4]
ATV — R, BRI EHCEE D, Vol. 130, No. 4, pp. 512517 (2010).

R, AT - 1 VR A LV E— X R L 2B A B EOERE) b L2 HIEE, BRI
it D, Vol. 131, No. 5, pp. 721728 (2011).

Kanou, T. and Fujimoto, H.: Slip-ratio Based Yaw-rate Control with Driving Stiffness Identification
for Electric Vehicle, in Proceedings of 9th International Symposium on Advanced Vehicle Control, pp.

786791 (2008).

J. Amada, and H. Fujimoto: “Torque based direct driving force control method with driving stiffness
estimation for electric vehicle with  in-wheel motor” ,Proc. 38th Annual Conference on IEEE Industrial

Electronics Society, pp. 4886—4891, 2012

BT, AR, i VE—: “BRMEIR o B COBRBI MR 2 HINE U721 V1 — IV E— X EiRE
S B O Fi 2w ER B ST, B 28 S8R C, Vol. 78, No. 794, pp.3383-3392, 2012

Rajamani, R.: Tire-Road Friction-Coefficient Estimation, IEEE Control Systems, Vol. 30, No. 4, pp. 5469
(2010).

FHIECIE, SR Hill, P A, R IEE : 75 S E T & B RH RO, HAR 2
HSCHE C #, Vol. 75, No. 753, pp. 15161524 (2009).

K. Maeda, H. Fujimoto, Y. Hori, "Driving Force Control of Electric Vehicle Based on Optimal Slip Ratio
Estimation Using brush model”, JIASC, Vol. 1V, pp. 137-140, 2012.

HIAR, WHFIZ, i — « B O FEH DA B2 8 5 E B H 0D 72 & O B TH] B R BER AR B e T
DIRE, BRI ARG EM 22 &R, No. IIC05-70, pp. 7176 (2005).

Gustafsson, F.: Monitoring tire-road friction using the wheel slip, IEEE Control Systems, Vol. 18, No. 4,
pp- 4249 (1998).

Rajamani, R., Phanomchoeng, G., Piyabongkarn, D. and Lew, J. Y.: Algorithms for Real-Time Estimation
of Individual Wheel Tire-Road Friction Coefficients, IEEE/ASME Transactions on Mechatronics, Vol.
17, No. 6,pp. 11831195 (2012).

RIS, BB, NI — ) MRS 2RI, (LI, B N B, R - i O IREN B SR & I E) ) B
KAL), Bt S ZEAT R&D L ¥ 2 —, Vol. 34, No. 2, pp. 2734 (1999).

Erdogan, G., Alexander, L. and Rajamani, R.: Adaptive Vibration Cancellation for Tire-Road Friction
Coefficient Estimation on Winter Maintenance Vehicles, IEEE Transactions on Control System Technol-
ogy, Vol. 18, No. 5, pp. 10231032 (2010).

—75 -



[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

Erdogan, G., Alexander, L. and Rajamani, R.: Estimation of Tire-Road Friction Coefficient Using a Novel

Wireless Piezoelectric Tire Sensor, IEEE Sensors Journal, Vol. 11, No. 2, pp. 267279 (2011).

Haffner, L., Kozek, M., Shi, J. and Jorgl, H. P.: Estimation of the maximum friction coefficient for a
passenger vehicle using the instantaneous cornering stiffness, in Proceedings of 2008 American Control

Conference, pp. 45914596 (2008).

FEJH B, Super All Whel Control (S-AWC) - =2 H B B D s i B fE A HIMH > 2 7 47, HE)H
Fefiiax 2018 4FEE 2 3 [Mlaiiie THBIHO & D 2 HI#3 2 5elbdlr, R, 2018.

SR TERS, 11 PR, S S5 RR, ZEBIE N, : G-Vectoring HlfHIO N E = 3L ¥ — 12 & % 7, H B Al
22 2012 FEBRFEMEEE 2 ATMIEE, No. 63-12, pp. 2326(2012).

MEEE A, hrgssa e, fth, © EPER GVC Moment Plus Hl#HI B ] O BEFE, HEEHEAMS 2018 FHEFH
rafE 2 AT (2018).

S. D. Cairano, H. E. Tseng, D. Bernardini, and A. Bemporad: “Vehicle Yaw Stability Control by Coordi-
nated Active Front Steering and Differential Braking in the Tire Sideslip Angles Domain”, IEEE Trans.
Control Systems Technology, Vol. 21, No. 4, pp. 1236-248, 2013.

H. Ogura, and T. Murakami: “ Improvement of vehicle stability by reaction force control on accelerator

pedal and steering wheel ", Proc. International Power Electronics Conference, pp. 2956-2963 2010.

H. Fujimoto, T. Saito, and T.Noguchi: “ Motion stabilization control of electric vehicle under snowy
conditions based on yaw-moment observer ”, Proc. The 8th IEEE International Workshop on Advanced

Motion Control 2004, pp.35—40, 2004.

M. Kamachi, and K. Walters: “ A research of direct yaw-moment control on slippery road for in-wheel
motor vehicle ”, Proc. The 22nd International Battery, Hybrid and Fuel Cell Electric Vehicle Symposium
and Exposition, Yokohama, pp. 2122-2133, 2006.

F.J. Perez-Pinal, I. Cervantes, and A. Emadi: “Stability of an electric differential for traction applications
", IEEE Trans. Vehiclar Technology, Vol. 58, No. 7, pp. 3224-3233, 2009.

A. Roshanbin and M. Naraghi: “Vehicle Integrated Control-An Adaptive Optimal Approach to Distribu-

tion of Tire Forces”, in Proc. IEEE International Conference on Networking, Sensing and Control, pp.

885-890, 2008.

E. Ono, Y. Hattori, H. Aizawa, H. Kato, S. Tagawa and S. Niwa: “Clarication and Achievement of
Theoretical Limitation in Vehicle Dynamics Integrated Management”, Journal of Environment and Engi-

neering, Vol. 4, No. 1, pp. 89-100, 2009.

O. Mokhiamar, and M. Abe, “Effects of An Optimum Cooperative Chassis Control From The View Points
of Tire Workload”, Proc. of JSAE 2003 Annual Congress, No.33-03, pp.15-20, 2003.

—-76 —



(53] ZREIERS, BEARGE  “BREBHEOBWRMNI GRS NS & 7 2 7 « THikiniEAe 2 Hvw/- 3 —
L — Ml BR R SCEE D, Vol. 131, No. 4, pp. 616-623, 2011.

[54] N.Shimoya, H.Fujimoto, "Fundamental Study of Driving Force Distribution Method  for Minimiza-
tion of Maximum Slip Ratio for Electric Vehicles with In-wheel Motors”, International Electric Vehicle
Technology Conference (EVTeC), 2016.

[55] R. Tchamna, and 1. Youn: “Yaw rate and side-slip control considering vehicle longitudinal dynamics ”,

International Journal of Automotive Technology, Vol. 14, No. 1, pp. 53-60, 2013.

[56] R. Wang, H. Zhang, and J. Wang: “Linear parameter-varying controller design for four-wheel inde-
pendently actuated electric ground vehicles with active steering systems, IEEE Trans. Control System

Technology ” , Vol. 22, No. 4, pp. 1281-1296, 2014.

[57] L. Zhai, T. Sun, and J. Wang: “Electronic stability control based on motor driving and braking torque
distribution for a four in-wheel motor drive electric vehicle, IEEE Trans. Vehiclar Thechnology ” , Vol.
65, No. 6, pp. 4726-4739, 2016.

[58] ILPMES, BEATEE: “BLEFHEIZBIIBZR3I—FE— AV A THF—NRESTFINT 4 —AFTH—
N% W7 B BAHIEE 7, B E R SGEE D, Vol. 130, No. 8, pp. 939-944, 2010

[59] NEREEA, AR, DUl 2RSS BB H I B T 2 O RFIEATRZ R L 72 3 B H G
R, 0 4 EH BB R S FEE T < LT o R YT L 2017.

[60] S. Sato and H. Fujimoto: “Proposal of Pitching Control Method Based on Slip-Ratio Control for Electric
Vehicle ”, Proc. The 34rd Annual Conference of the IEEE Industrial Electronics Society, pp. 2823-2828,
2008.

[61] K. Kawashima, T. Uchida, and Y. Hori: “Rolling stability control of in-wheel electric vehicle based on
two-degree-of-freedom control ”, Proc. 10th IEEE International Workshop on Advanced Motion Control,

pp.751-756, 2008.

[62] IKIE S, BEATEGE, JIE—: “Wilg 1 > A1 —VE—XZ2HBHE L -BLKEHBEIZBI 2 FADT VF X
A T I1% W7z a — VAR >, SR 24 FRE SPGB PT R 25, 55 TV &, pp. 133-136,
2012.

[63] #EBFHE: “1 ¥ A A —)VE—RIT X B HETRREMEIK 7, BB A w3 8 Vol. 47, No. 2, pp.
457-462, 2016

[64] AIER, BEAME, WHE— “BREBHIIBI20-VBIVPEYFE—AY A THF—NEH
W EEE TOVIBRERIE 7, SR 25 FRESEFHHIMEY A 7 b o = 2 A RS2 E R 1IC-13-
002,MEC-13-002, 2013

[65] D. Karnopp: “Active damping in road vehicle suspension system ”, Vehicle System Dynamics, Vol. 12,
No. 6, 1983.

—77 -



[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

BELBed: “ o4 VRS —IVE—XIZ K DI 3D T — X > MEHOBESE 7, BB i
2SHTRIEE, No.3-11, 2011.

BRI, KT “1 vk —VE—REZHWEIERTERAL A 7y 7 BV 8EIN & 23D D0
Hiomrse 7, BEIEET S 2016 EFEZF RS, S127, pp. 674-679, 2016.

E. Katsuyama, “Improvement of ride comfort by triple Skyhook control, ” in JSAE Spring Congress
2018, pp. 215234, 2018.

HERFEN, BAMEE, B E B HEOHimrEHE RHIE S 2 7 AT S iRk 0 4 & b by
JBL T DIRE”, Rk 23 BRI 5t 4, TIC-11-134, pp.1-6, 2011

H. Fujimoto, S. Egami, J. Saito, and K. Handa: “Range Extension Control System for Electric Vehicle
Based on Searching Algorithm of Optimal Front  and Rear Driving Force Distribution”, Proc. the 38th
Annual Conference on IEEE Industrial Electronics Society, pp. 4244-4249, 2012

M K, AN T, 1 K, paE i —, SNHE REE, ok 290, DB A A B I B 1 B el & F R
U 7= 3 e B A 1 & 2 iR AT R B B8R, B 5722, Vol. 137, No. 12 pp.899-907, 2017.

Takuya Fukuda, Hiroshi Fujimoto, Yoichi Hori, Daisuke Kawano, Yuichi Goto, Yusuke Takeda, Koji
Sato, "Range Extension Autonomous Driving of Electric Vehicle Considering Maximum Jerk Constraint

7, EVS30, pp. N/A, 2017.

X. Wu, X. He, G. Yu, A. Harmandayan and Y. Wang: “ Energy-Optimal Speed Control for Electric Ve-
hicles on Signalized Arterials, ” IEEE Trans. on Intelligent Transportation Systems, Vol.16, No. 5, pp.
27862796 (2016).

R PH s Al AT, B —, SRR, EHEEE, (EflZ215, » =6 OB H B s o A i 2 72 L
T A B 7 i fse BRI = 1 B R, BEREE 22 56 26 [MIZ3l - WP K2, pp.N/A, 2017.

ZERIEN: “HEEH OB & I, RAEE KT H R, 2012

H. B. Pacejka and E. Bakker, “The magic formula tyre model”, Tyre models for vehicle dynamic analysis

", Proc. the 1st International Colloquium on Tyre Models for Vehicle Dynamics Analysis, pp. 1-18, 1991.

M. Nagai, S. Yamanaka, and Y. Hirano, "Integrated control law of active rear steering control”, In Proc.

3rd International Symposium on Advanced Vehicle Control, pp. 451-469, 1996.

Y. Horiuchi, A proposition of the simple tire model for the Vehicle Stability Assist system”, Society of
Automotive Engineers of Japan, preceding of congress, No.64-98, (1998). (in Japanese)

D. Savitski, D. Schleinin, V. Ivanov, S. Member, and K. Augsburg, “Robust Continuous Wheel Slip
Control with Reference Adaptation : Application to Brake System with Decoupled Architecture,” IEEE

Transactions on Industrial Informatics, Volume 14, Issue 9, pp. 112, 2018.

T. Ohtsuka, “Introduction to Nonlinear Optimal Control”, CORONA PUBLISHING CO.,LTD. (2011),(in

Japanese)

_78 —



[81] C. Geng, T. Uchida, Y. Hori, "Body Slip Angle Estimation and Control for Electric Vehicle with In-Wheel
Motors”, IEEE conference IECON 2007.

—-79 —



o R

KX 2 PET 2I12H72 0, HEMERSEEEZZ WD 0 £ U A EHERE, 20220
DO N UET, £72, ROMFICEL TR &7 RAN1 220 £ U7z B EIR T, (5K
ERMEBBUCE S BIALHE U BT £ 3, BEAUBUZIZ LM T 2 HIEED AL T TR, BREL O
FRMPHHR R EIZESMIETWEZE, METIEHESNRVEERERRPTE BT W72
EFE U7z, 72, MIEOEIREIZL Y E 5T, H2DHEEANDKE VR ERE% 35E T BHEHZRD
F U7, EBREOBEDTE, EREEOMMEZEY TRIWEEE, WOTHERTERZITS> 2N
TEFE U7, SO BRABBREDITHEIZODWTE ZHHKIZDO > T\ RY, BE L4 BHEHI
BROELU, DEOMEALE L BT X, BERRICH I I TREES S NRVIEERL 2L THIEEICAR
DFE U7, Bz, REVPRDIEWARZBE U CTRILOH4 EHAES ZeNTE, RYIEHLTED £
$, XYVEV &IZHAMEEZE L CTHARHEDEV 225K 570V 27 MNIBMTEIENTEEL
Tzo RENKTH S LFFIZ, —EOREICKIBELRRRE LD ELE, 2002252 TK
72 E o kR, ZHBE, W, LR, AR, ARk, AR, SEEERRICIIRLE#H L TH
D %9, 72, FPEV2-Kanon DA EADBRZ H MR T 1250, Mo k2 DL I LN TE
T U7z, NIl DR, R, MERIZIXEV F— 2 0HFAMEICBWTREBHEE IR XL
7=. BHENEX, ZOHHOFEMD 72 DJAVEREEX, BN O WD T & 2 EH OB E % (1 H
SETHES LW IEFICHERRREZ S THEE U2, /2, HMIKHEE WO ETERDHZEIZ DN
THE2THE, KESZIZIVTHEE U, ELEHHEL B E T, ZZABHEOBEHAKIZL OO
BERRIZIIEMR IR E WO T TARIERIZNT 2T RN A% THL 7213 T7%4 < FPEV2-Kanon ®/Ny 7 1) —
NI TNWVDBIZIR W2 EE Uz, DAV L EFES, 7Y FRrOIF)Ikk, £HRER, =
BRIZIE R A Y OWEIZOWTHRA RIS 2THE, EOL Y N2HF5Z 8 TEE U, i - AN
TEDAYN=L 37 SADOKMZILA L £ U7z, BRABIIENEBIZDOVWTIELAEY, EVE EHE
BRE =M oI F I FTRBZIENTEZ U, BIZ, WOBEERLREYZ2F(EoT Wz W
EV F—LADEMIZIIALIZE#R 2 L TED £9, BTN E CEHEE D ICERZED SNZDFES
EFOTHADENTTT, ZOBLO ERIFMEZEDOEMROENT TAERELTHITIEATE
EFl7, ZO5EME0 TERSEHPLU LITET, BRI, ZOBLHEETOEFEEZ LA TVWEREE, W
Db ASFo T NAFIFEITREBEL £ 7,

— 80—



FERCHR

BT ERRZERX

[1]

(2]

[3]

&
#

BE oM

e

i
% o P
¥ & H
el f S ]

&
%

GE oM

bl

&
s

¥ & H
e e 11 e

&
%

G oM

2@ 4
5
% %
B AT

H. Fuse, H. Fujimoto, Y. Hori

Minimum-time Maneuver and Friction Coefficient Estimation

Using Slip Ratio Control for Autonomously-Driven Electric Vehicle

The 4th IEEJ international workshop

on Sensing, Actuation, Motion Control, and Optimization (SAMCON2018)
Tokyo, Japan

6th, March, 2018

6th—8th, March, 2018

H. Fuse, H. Fujimoto

Effective Tire Force Vector Control and Maximization Method

for Independent-Four-Wheel-Drive Electric Vehicle

The 2018 IEEE International Transportation Electrification Conference
& EXPO Asia-Pacific ITEC-AP2018)

Bangkok, Thailand

8th, June, 2018

6th—9th, June, 2018

H. Fuse, H. Fujimoto

Effective Tire Slip Ratio and Slip Angle Control Method

-Tire Workload Maximization Using Independent-Four-Wheel-Drive
Electric Vehicle Based on A -Method-

2018 International Conference on Advanced Automotive Technology
Gwangju, Korea

5th, July, 2018

5th—7th, July, 2018

_81—



[4]

[6]

G I
R Dk

el f S ]

&
%

G DM

& 4
5
% % M
AL

b

# 4

%  Fr
¥ & H
el S ]

H. Fuse, H. Fujimoto

Fundamental Study on Driving Force Control Method

for Independent-Four-Wheel-Drive

Electric Vehicle Considering Tire Slip Angle

The 44th Annual Conference of the IEEE Industrial Electronics Society
Washington D.C., USA

22th, October, 2018

21st-23th, October, 2018

H. Fuse, H. Fujimoto, Y. Hori

Experimental Verification of Driving Force Controller

Using High-Power Racing Electric Vehicle

The 5th IEEJ international workshop

on Sensing, Actuation, Motion Control, and Optimization (SAMCON2019)
Chiba, Japan

2019 4E 3 HRRTIE

4th—6th, March, 2019

H. Fuse, H. Fujimoto

Driving Force Controller for Electric Vehicle
Considering Sideslip Angle Based on Brush Model
IEEE 2019 International Conference on Mechatronics
Ilmenau, Germany

2019 4F 3 ARERTIE

18th—20th, March, 2019

il Z8eH, BEARMEE

4 g7 BR B 2 F A H B i &2 AR E U 72 A -Method (25D <
BA Y IIRT VI & B iR R KA

S 30 AR R AR PE IR R 2

4-13, TV-125-1V-130, 2018

BEIRENL R, AR IR

2018 4E8 H 29 H

2018 4£ 8 A 28-30 H

_82—



‘iR R DRSS

8] # F A 22, AR
il % 4 ST ERE 9 5 B HE 2 AHE L 72 A -Method (255 <
A VIR BOVHIE & AR
A EES BRI XEED, fElikE

— 83—



&k A

INAIR—EVERWEZRY v TREHZR - BR
) 1l 15 52 D EERIREE

AFEEIFZ XY~ EV LR EIT->TED, HARHED EV OFFIZHD A TWS, N1 27X
E—2 - AV R—FTaFl LI T4 LGEFHETERL, HALHOBIVEETH S, THITk
Vb, FETEOEBHIMEE UTH - & & EERLE & 72 2 5KE) 71 il #1553 D FEERMRGE 2 17 5 7=,

SR DMFEEBRTH W - HEf I3 A VR — NE—X % 4 DB U7 4 sz EkEi 4 5 L — A EV TH
o, ERIICEWEDE Ty ThEESL, NI4Ty 7 heFz—IZ& - CHIgIIEE I NS /-
b, FHREVFATEEXALVI NRITATIWM L IZRKRESEL L, SHOEBROHNEZ DB L
IRDKSITRB,

1. K172 BV 2 W7z, Sulgicsir2a 727> a VIO FEE

2. VY 7 MNRIATRF 2 — U ERBER L ZEHIC & 5 FEE

A.l ZERETH : E-Runner 2016

AHITIIMEEEBRIZA W - HE O ZIT 5, SEIOEREMINS I - ¥—=2 - A VR —F 3
FN -V ITA L FrEAr Ty 7 (PPIHC) 2016 125 L7V —AHEV [E-runner 2016 T
»HY, Fig. 61 (ZZDIMB%ERT, 7z, Table 12 & Table 13 (ZH W DREGHCE R T, 5 [H DO MRGEFER
THWAEZEHIEA VR — FE—X% 4 DKL, 4WMSIHEVTETH S, 46w b — XL THRKA 1100
(kW] (1500 [PS]HY) DHEJIAFHETH D, — ML THIRED 105 LORARH NI 27H 5, E—XD
NLVZ7 %300 [Nm] A EH 5720, [KEFEBTHNIEEHuBETH XA VA2 EHIED I L HBARETH 5,
FEREM L —AHD AN v 7 XA Y E2EEFELTEY, KBEEEED 130 L@ )y TEREED,
24 Y OHIEDENZHER LIZL L, TR Y v 7HRIZ0.04 55 0.05 &/NX W, Fig. 62 (2 FEEREH
DAY D p-\ ik %z R7,

SR OEBRMEETIE, RHAZ ) —#FHEZ IRIER L -RRE2F D70 F I 4 N —ERFEE KT
ANRIAN—ZKEDT,

— 84—



Fig. 61: E-runner 2016, high-power racing EV for the experimental verification.
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Tab. 12: Vehicle specification and performance.

Vehicle mass M 1605 kg
Wheelbase [ 2.7 m
Distance from center gravity [f:1.31m
to front and rear axle Iy, I, [,:1.39 m
Gravity height hg 0.33m
Tread dy, d, 1.62,1.68 m

Equivalent front and rear

wheel inertia J,, 7, Jo;

Juf = 0.95 kg-m?
Jor = 0.95 kg-m?

Wheel radius r 0.35m
Optimal slip ratio Apo 0.04-0.05
Drivetrain Chain-driven System
Gear ratio 6.11
0-100 km/h acceleration 2.2s
Top speed 270 km/h

Tab. 13: Specification of electric motors.

Front Rear
Manufacturer Rimac Automobili
Rated torque 250 Nm 300 Nm

Maximum torque

330 Nm 424 Nm

Rated power

160 kW 193 kW

Maximum power

319 kW 327 kW

Maximum speed

10600 rpm | 10600 rpm

2J onWe

2

wac

r2M

2

(1 - )‘n)

A22 EERFER

Fig. 65, Fig. 66, Fig. 67, Fig. 68, Fig. 69, Fig. 70 Xz Zh, #lHZzL, TR IA4 NIk bE5RE0L 3
Yha—b, AV TRHEE (FEaME N =0.02,0.04,0.06, 0.10) OEBRERTHE, E—X MLY
T O, FFOFHRRIE NV 2 O ERRfEZ R L, BOSKRIZ Acc” " Ctrl” 28 L TWA A, ThEh,
Acc lZT 7 NVA_RENVORE2ESETRL, Cul 3L ORHIZHIEIA ONIZR>TWE I L &R L
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Fig. 62: The approximated  A—pu curve of the experimental vehicle.

Tab. 14: Experimental condition.

Driving wheel Front wheels (so called "FF”)
Torque limit 280 (manual: 270) Nm
PI controller A = 0.1, w,, = 2 rad/s
Optimal slip ratio Ay 0.04-0.05

HIH 72 L DN & BEANE T (Fig. 65), 727 2L RZIVIZIBE LT MV 2 AR ES ICHRAEIZEL
2V w TR 0.8, HIRHEEIX70[m/s] ETHEIML TW5, #1[s] ThLZ AIDBEALTWEH, Ih
FREEEIMEH L 72DTH 5, FIBINEE o, 13 3[m/s*] FEUHESN TR, Hl#EFORkT
% Fig. 64 12”3, XA VYHRKREEL, AEPBELTWD Z 2095, 2L, 78 RI A4 1N—
K BIETIE, AV 7O EFIF0.6 ETICMZ SN, Hig#EIXH AT 20 [m/s] & KIEIERE N
TW5, REVEED BT CRIBIEE a, 1357 4 [m/s?) £ THML TWB, BHERE V AT 20 [m/s]
WZERET B, AJIMIVIDGIREIZEELTE XA YDA w TRBEINL LR35, ZhiExry v
7 A —ADRNNT & o THMATEIEAL 720 TH S, £z, EFEFIEM GEEROEL, 210K
P, &P SERTH D,

W, AV Y TREENZ L 5 2HMEOREREZRARS, 2V v TRIESED N\ =0.02 DEE, (see
Fig. 67), AV v 7RIZKEIZHHE TN TWS, BoEA Y v 7RI D IFHEIVNS W28, FIHIEE
ap B 4m/s?] LD BDUNI WV, AL —RRETRA YOAEZIH L ZWEEIR IO & > gl
MELTWBEWZ B,

B MEAY N =0.04, 0.06, Z L T 0.10 DHE D EFME IE KR FEROMEM TH 5, HEHE V 2320
(m/s] AR DFE N5 27 Y a VRO 728, ML2 ANHRIRES NS, Z ORIFEIEE o, 13 4 [m/s?]
X0 DLTTNE N, BEEREE V 2320 [m/s] BLEIZZ 5 & MLV AT GIRE TR LT, Ry T
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Tab. 15: Comparison of average acceleration from V' = 10 m/s to V = 15 [m/s]. Slip ratio control with \* =

0.10 demonstrates the fastest acceleration.

Ctrl method Average a, m/s”
w/o ctrl (full throttle) 3.32
Pro-driver ctrl 3.81
w/ ctrl A* =0.02 3.18
w/ ctrl A* =0.04 3.73
w/ ctrl \* =0.06 3.75
w/ ctrl A* =0.10 3.88

(1. w/o ctrl (full throttle)
2. pro-driver ctrl
3. w/ ctrl (+=0.02, 0.04, 0.06,0.10)

FWD Acceleration I

Fig. 63: Illustration of the experiment.

KIFBEZ 001 FTETTSE, AV Y TRIBESEZ 004 A EIZZ{EEIETE/BREMIZIFEDSRVD
i, BEGBIELIZE R LRWZHTHS (Fig. 9(b)).,

Table 15 [ZEHARHEE V = 10~15 [m/s] DEIDOEIINHEZ L L 725 DE/RT, 7RI A N—I2 &
IR EH DO R NWRZFEA LD B BWERBFONZ, 72, AV v TRIFESE N\* =0.04 £ 0.06 D
BEDAY y TREEIZ X B MEE L, A RIAN—IZEEMEI D DTRTIEDH NI D577,
B, BRMEA N =010 DGEIXLUA ERlo72, 20 k512, AV v TREMENIC L 525 IEIE 7
ORIAN—IZEBZTNEREDZ LD o7z, T, AFEPKHE OV —AHEVICERHTES
ZeERBTLEERERTH D,

S XBRE) 1 HIE R 12 & B HIEEAER X, fEl & B R U - BRE) Bl flE e EH D A TV FET
H5,
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TOn-board camera

Fig. 64: Full-throttle acceleration without control. Wheels slip so much that huge amount of white smoke

covers almost entire vehicle.
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Fig. 65: All-out acceleration without control (full-throttle). Slip ratio went up to 0.8, with the wheel velocity
of nearly 70 m/s.
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Fig. 66: All-out acceleration with throttle control by a professional driver.
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Fig. 67: All-out acceleration with slip ratio control (A\* = 0.02).
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Fig. 68: All-out acceleration with slip ratio control (A\* = 0.04).
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Fig. 69: All-out acceleration with slip ratio control (A\* = 0.06).
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Fig. 70: All-out acceleration with slip ratio control (A\* = 0.10).
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