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b, T Vehicle speed sensor

ECU
Torque sensor > v

</

I
Electric motor

Steering wheel

Worm gear & worm wheel

Intermediate shaft
Universal joints
Rack shaft

0 2.1 Column-type electric power-assist steering system
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Steering wheel

Torsion bar Ky Ty, = Ky (0w — 0c)

Ja=Na® I
D, = Na2 Dy
Ca = NaQ C'm

Intermediate shaft K;

Column part (Motor and Gears)

ST
o
2z 3
’1\4

Pinion, Rack and Load (Tire)

0 2.2 Equivalent model of C-EPS
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Jy 0, + Dy 0, + Cpsign(0,) — K; (0. — 0,) + T, =0 (2.3)
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0 ~0, O.~0, 6,~0 2.4
0y =0, 0.~0, 6,~0 (2.5)
sign(fy,) = sign(f.) = sign(f,) = +1 (2.6)
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T, = K, 0, (2.7)
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T, T
Oy = Fby + — + == 2.8
TR TR, (2:8)

0000000-00000000000000000000000060,0K,,0K, 00

~ C. Cw+C Cw + Cy +C
ewél—i- w a+ w a P
Ky K; K,

(2.9)
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A 1 - A 1
S S S B S (210
K, K K, K K,

000000000000006, 00000000000000000000000
(210) 000K, 0 Ky0KOK, 0OOODDDD0D00000000000K, O
KO0K,00DOODOODOOODOOO000K,00 K,000000 T, 0000 7,0
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0000000000 7,=0000000 (28)000000-0000000000
0T, =00000000 6, =70, 000000000000006, =-6,0000
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000000000000 (29)00000000000000000000000
000000000000 000000000000000000000000000
00000000000000000000000000000000000000
0000 23000000000000000000000000000000000
00000000000 (28)000000000000000000-0000000
000000000000 00000000000000000000000000
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- " . i To] < (2.11)
(|| — 7s) sign(T,)  otherwise
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T, T, T,
—Vs —Va -

0% 1 0 % 1. o v 1,
(a) sensor (b) software (c) total

O 2.3 Deadband of torque

0000000000 23k)0000000000000000000000O000
%(>0)00000000000000000000000000000000000
00~00

Y =%+ (2.12)

o0bOo00obO0o0bOo00obooboO0yOOOOODOOOOOOy2>2y>000
gogbobogobobooobbbooobboooobboooobboooboo
00o0o00oooOoooooo 7, 0000000000000 000DO0D00O0O000O
goboooboooboooo TSDD

A_{O if [Ty < 7a

2.13
(|Ts] — va) sign(Zs)  otherwise (213)

00000000000000000 23(0b)0000000007,000 (2.11)0
(213)0007T,0~00000

ﬁ:{o if [T] < (2.14)

(|Ty| — ) sign(Ty,)  otherwise

000000000000 23(c)000O0
goobobooobobbooobobboooobobooooboboooobbooon
goobobooobobooooboboooobbooobobbooobboooboobo
goobobooobboboooobbuooobboooobboooobbooooboobo
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0000000000000 0000000000000000000000000
000000000000 24200000

0000000000000 00000000000000000000000000
0000000000000000000000000000 T, (= Kp(fw —6.)) OO

0 (21)00000 (24)0(26)0000000000000000 sign(fy) = --- = £1
0000000

Ty, = Ty F Cu (2.15)

00000 (24 0000000000000000OO0 —y<Ty,<~yOOOOOOO
0000 (215 000000000000000000O00OO0OOODOODOOOOOO
goobogo

- w TW w f 'w
{ v+ Cy < <yv+C if 0, >0 (2.16)

N —Cp < Ty <y —Cy iffy <0

goog

232 0D0OODODODOOOOODODOO

ooo0o0ob00 7,00000000000000DOO00DOOO0ODOOOoO0DbOOOOO

0 ®(7,)000000000000022200000000000000000000
0000000000000000O0O0O0O0O0OO T.(T,T,) 00000

T, = (I)(Ts) + TC(TS7TS) (2'17)

000 7,00000000 Tu(1y,7,) 00

To(Ty, Ty) = ®.(T%) sign(T3) (2.18)

00000000000000 7,000000000000000000000C0
¢.(I,)000000000000000000000000007,=0000000
00D00000000000 £(2®.(0)000000000000000

o(7T;)00 ¢.(7,) 0000000 0DO0DOUODOUOOUOOUOOUOUOUOUOUOO
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0000000000000000 7, 000000000000 |Ty] <0000
0(214)00 7, =000000000000000000000000000000
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000000000000000000000000000 7, =00000000
000000000007, 00000000000000000000000000
sign(7}) = sign(fy,) =---=+1 000000000000 (2.17)0(2.18) 00000
00000 T,=+5, 00000 (28)0000000000000000-00000
oooooo

O = F(Ow — =) + = 2 70, + 2 (2.19)
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gobogbobooboooboo
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\Il++(9w) if (A) éw > O’ Tw >va+ Cw
U, (0y) if (B) by >0, T < —vq + Cy
7, =) VO B0 B (2.20)
U__(0y) if (C) Oy <0, Ty < —yq — Cyy
\I’—-l-(ew) if (D) éw < 0, Tw > Yd — CW

04000000000000D0 Cy < OO0O0OO0O0O0OOOOODOOOOOOOO
T, >00000000000 T, <00O0OO0OOO0O00ODOOODODOOOOODOOO
0000000000o0000o0o0o0oo0oU0oUoOUoUD (A)oD (b)ooooooo
o0o0o0ooUoD (B)o (C)oooOooOooOooOU0oLDO0oUOUOUDOUODOUOOOOOOO
0000000000000000000000000 ¥4(8,)0v*(6,) 00000
gono

Vig(Ow) =—V__(—0w) = ¥ (0w) (2.21)
VU_ () =—Y,_ (—by) =T"(0y) (2.22)

000000000000000000000000000000 ¥%(6,)00 U*(6,)
0000000000

0000000000000000 Ty=7%+C,000000000000000
0000000D000000000000 6gpy060q,— 000 (2.19)0 0, =08,q 00
0000000000000000000000000

; +Cu . —q,
0db+ = —Owa + %T, Oap— = Owa + %Ki

w w

(2.23)

0000000000000000000000000000000000000000
Ut (0,)0 ¥ (0,) 000000000000000 (fabs, Y + Cw)0 (Bap—,va — C)
000000000000000
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Ty (D) Negative rotation - Turn back
Uy (Ow) = W75 (0w)

Tm ax

(A) Positive rotation - Turn in

(B) Positive rotation - Turn back (C) Negative rotation - Turn in

O 2.4 Objective characteristics

242 0D0OODOODOODOOODOO

24100000000000000000-000000000000000000
00000 ¥*(4,)0 ¥*(4,)0000000000000000000000000
000000000 7,=0000000000000000000000000000
000007, >0000000000000000000000000
00000000000000000

vt T,) if by >0

. 2.24
v NTy,) iffy, <0 (2.24)

WZ_VT%)2={

0000000000000000000000000000000 91~ 4T,)000
00000000000 6,00
O = UL (T) (2.25)

0000000 (217)00000000 7,0000000000 &(73)+7T.(1%, Ty)
000000 (218)000000000000000000000000000000
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000 & (1)) 2 &(Ty) + ¢.(T,)0P_(T,) £ (1) — ¢.(7,) 00ODOOOOO0OO

sign(fy) = sign(7}) =+100000000000000 7,00000000000

oooo
(1)) if by >0
T, = +(L) a6 (2.26)
d_(Ty) ifby <O
0000000000000
R [ ®(Ty) if6y >0
o4 (T5,T5) = . . (2.27)
O_(Ty) ifby, <0
000000 @4(7,7,) 0000000
T, = &1 (Ty, T3) (2.28)

000000000000000000O0O0O0OOOOOOOOO
0 (2.8)00 (228) 0000000 (225 0000000000000000000
0w NT,)oooooo

_ _ T, @ (1y,T
ew:\:[]jt 1(TW)::F9w+—7+ i(—s S)

2.29

000000000 (229000000000000 sign(7}) = sign(fy) = £1 00
0000000000000 (214000007, >00000000y=~000
(215) 0000000

~

Ts=T, —va =Ty FCw — 74 (2.30)

00000 (230)00 Ty =T, +Cy +74 00000 (2290000000 &4 (T3, 13)
0000000000000

Ts:l:cw+7d

@ﬂ@@:&{11@1@+wﬁ%— 7

} (2.31)

00000000000000000M®,.(1,)0 ¢_(7,)000000®(1,)0000
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$.(1,)000000¢(7,)0 ®_(7,)00000000000000000

A~

0
O, (Ty) + @ _(T)
2

(I)(TS) =

K, 1 15
:2{w11HH(%+mﬂ+WiWﬂC@+%ﬁ
K, -
— (T 2.32
K( +7a) (2.32)

€

(I)c( AS) _ (I)+(TS) ; <I>,(TS)

Ka x —1 /7 x —1 /7
:2{\1’4_ l(Ts+Cw+’Yd)_\IJ— 1(TIS_C'W +’Yd)
2Cy

20, —
+ z.

} (2.33)

ggoooobbbooooooooooboooboobo TS>0DDDDDDDDDDDD
goood

gg Ts:ODDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDD
gooboboooboboooobobooooboboooobobooobobooooboobo
goboogooogd TS:()DDDDDDDDDDDDDD Go OO0 (2199000000
gooboboogon é(NDDDDDDDDDD b, 00D0000000000000
goboogoogon TS:ODDDDDDDDD

®(0) =0, @.(0)=py=Ka(0y —Oyq) (2.34)

00000000 (234) 00000 (2.32)000 (233) 000000000 T3 =0
0000000000000 0000000000000000000000000
T,<000000000000000000000000000000D0000000
000D0000000000000000000000000007,=0000000
00000000000000000000000000000000000y =140
0000000 (212)00 =7 -7 00000000

00000-00000000000000000000000000000000
0000 K,0C,0000000000000000000000000000000
ooo
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243 ODOODOOO0ODOO-ODObDOODbDOO

00000000 (2.32)000 (233)000000000000000000000
0¥ Ty +Cy+7a) 000 (1, - Cy+7) 0 20000000000000
0000000000000000 ¥ (4,)00 ¥*(4,)0 101000000000
0000000000000000000W:(,)00 ¥*(4,) 0000000000
00000000000000000O0O0O0OD-000000000000000000
ooooooo

25 0000000000000 0O0O0O

00000000000000000000000000000000000000
000000000000000000000000000000000000000
000000000000000002500000000000000000000
000000000000000000000000000000000000000
0000000000000000 (27)00000000000000000000
000000000000000 (2.1)0(23)000 (27)000000000000
0000000000000000D00D000000 +80[deg) 0000000000
0000000000000000000000000-00000000000

Case ADO Case BO 20000000000000000000000000
Case AD Case BOOOOOOOOODDOOO00OO0O0O0DODOO0O0D0000000O000
00000000000000000000000000 2600000000000
D000O0Case ADD Case BOOOOOOOOOOO0O-0000000000000
000000000000000000000002700000000000000

~

0000000000000 0D0O00000000O00O0Oo0oO0oD0o0O (Ty)oo

A~

O0000000D0000D000 ®(7,) 00000000000000000000
0,0 K, 0K, 0000000000000 000000000o0oonooooooo
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0 2.5 An experimental bench of the C-EPS
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Steering torque [Nm]
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3F Case A i
Case B
7 Dead band boundary
\ \
-100 -50 0 50 100
Steering angle [deg]
O 2.6 Given profiles of objective characteristics
[§
41 i
£
z o} ]
o
=
=)
2 0 —
A7)
K
< 2t ®(T,) Case A
------ ®.(Ty) Case A
gl ®(T,) Case B A
@,(T) Case B
-6 . . . . . .
-4 -3 -2 -1 0 1 2 3 4

Sensor torque [Nm]

O 2.7 Profiles of the created maps
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4k 4
3t B
7 ==
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_ 4
8 T
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:D / ——————————————————————
= B
S
[
2
& — — — + Objective Case A |
Simulation Case A
Objective  Case B |
Simulation Case B
7 Dead band boundary |
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-100 -50 0 50 100
Steering angle [deg]
(a) Simulation
s 4
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T 2 s
a 2 >
o 1r ope 7
] £re
o
e
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g of ]
2
A —
2t Objective  Case A -
Experiment Case A
3k Objective  Case B A
Experiment Case B
aF = s Dead band boundary
. .

-100 -50 0 50 100
Steering angle [deg]

(b) Experiment

O 2.8 Simulation and experimental results
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Virtual space

Real space

\

Robot arm

Switch box
(with various switches)
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031 0000000

categories based on
number of characteristics
categories based on orientation candidates
distinet, states (1) (i) (iii) number of multi-renderability
00 2,3, 1 distinct states by a single real SW
(a) infinite rotary SW @ ] O 1 o
(b)  momentary SW @ i @ 1 o
symmetrical bipolar
v P o 0 6@ 2 o
toggle SW
other types of SW
(d)  (push-lock SW, O | @ 2,3, x
selector SW, etc.) *3 *3

*1 graphics are examples *2 0 :NA *3 push-lock SW
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(a) 0000000000
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3.22000000000000000000000000000000000000
000000000000000000000000000000000000000
000000000000 000000000000000000000000000
000000000000 0000000000000000000000

0D0000000000000000000000000000000000000
00S000000000000000000000000000000000000
000000 NOODOOOOOOOOOOOOO0OO0O000000000000000
00000000000 $,9,---,Sy000000000000000000000
000000000000 000000000000000000000000000
000000000 2,3,---000000000000000000000000000
000000000000 000000000000000000000000000
0000000000000 00000000000000000000000000
000000000000000000000S,.,0000000000000000
0000000000000 00000000000000000000000000
00000000000000000 G,00000000000000000000
0500

S
Si = argmax w3, , ; (3.1)
JEG;

0D00000000000wgy, ;U G; 000000000000 j00000000

000000000000 Sg(k=1,2,---,i—1)0000000O w;klil kOOO0O0
gooooon

i—1
w:umi,j = Z w;,k (32)
k=1
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P}
S2 qd;—1

Step 1:
calculate the interpolated

S

A

-
gl [ orientation of Sy, So, - - -,
S;_1 at the position of S;

compare by the one-axis Step 2:
rotation method select the closest one to the

interpolated orientation g;

candidates of g;, among the candidates

the orientation of the switch .5;

032 0000000000000

00000000000 «3,00000000000000000000000000
000000000000000000000000000000000000000
0000000000000000000000000000000000000
000000000000 00000000000000000000000000
0000000000000 00000000000000000000000000
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a(t) = f(z(t), u(t)) (4.1)

0000000000 ¢t=000000000 x(0)0O
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0oo00ooUooUoUOoOo [, 7fo00o0ooooo Joo

T
J = Le(a(T)) + / L(a(t), u(t)) dt (4.3)
0
gooooooooooon UDDDDDDtE[O,T]DDDDDDDDDD u*(t)DD

min_J (4.4)
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422 00000OOODOODOOOODOODOODOOD

0000 p=p(t)000000000000 H=H(z,u,p)00

H(z,u,p) :pr(m,u)+L(az,u) (4.5)
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T = 871) = f(z,u) (4.6)
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00000000000000000 «w(t) 0000 ¢t000000000O0O0O0OO
goo

in H 4.
Join, (x,u,p) (4.8)

00 w(t) =a(x(t),p(t) 0000000000000 p()000 t=0000000
00 p(0) =p, 0000000000u(t)=u(py,t)0x(t) = x(py,t)0p(t) = PPy, t)
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u(py, t) = u(x(py, 1), P(Po, 1)) (4.9)

x(py,t) = xo +/O f(x(py, 1), u(py, 7)) dr (4.10)

p(Bo,t) = Py + / (2o, 7), w(Po, 7), p(D0, 7)) d (4.11)



64

0000000000 u(p,t)00000000000 p, 000000000000
00000000000000000000000000 »*(#)0 p, 0000000
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00000000000000000000000000000000000000
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0
gdooogooo J(pO,T)DDDDDDDDDDDDDD

min J(py, T) (4.14)
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O0ps00000O0C0COOOOOOOO

min J(py, T) (4.15)
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00 p;07T*0000000000 w*(t)00000 [0,7]0000 [0,7*] 00000

w (1) = w(a(p, £), p(p 1) (4.16)
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00000 (4.19)0(4.23) 00000 Jp0Jp 00
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000000000000000000000000000000000000000
0000000000000000000000000000000000 0 Shooting
Method 000 0O000000000000000000O000O0O0O0O0O000000
00000000422000000000000000000 Shooting Method 0 O
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0000 «(4) 00000 pt) 000000000000

£(t) = ( =(t) > (4.27)

_ Fat) w(=(1), (1))
ﬂﬂ_ﬂp@@%ﬂ__(gﬁdﬂﬂﬂw@%pdﬂdﬂw)) (4.28)
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Bo(£(0) = 2(0) -0 (4.29)
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gogg (4.29)DDDDDDDD 5(0):£0DDDDDDDDDDDDDD N =py U

goooooooooogogoodg
e<o>=50<n>=<"”°) (4.31)
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000bOO0Db 100000000
OFE
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Bi(p(po, T), x(py, T)) = p(py, T) — %(w(me)) (4.38)
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u*(t) = u(x(py,t), p(py.t)) (4.42)
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(P}, t) = @0 + / Fla(pj,7),u (r)) dr (4.43)
0
t
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0000000000000 00000000000000O0000 41)o000D000
O00000000 Newton-Raphson 00 0000000000000 OOOOOO
0000000000000 000000000D0000OOO0Newton-Raphson O



69

gobobbooooboboooobboooobbooobboooobboooobobo
gogbobbugobbbooobbbooooboooobbbuoooboboooboo
goboboboooboboooobobooobobbooobobbooobbooooboobo
0000000000 43)0000000000000000DO0O0O0O0DO0ODOO0
gobooobooboo

43 O0000O0O0OO0OOOOOO

00000100000 000D0000 NewtonOOOOOOOOOODOOOODO
goobobooobobooobobbooobobboooobobooobobbooooobo
goboooboobobooboooboooo

4.3.1 Newton's Min Drag Nose Shape Problem
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0 4.1 Newton’s Min Drag Nose Shape Problem
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o u (4.47)
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2 T g3
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041 0000 teale [sec]
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NR algorithm 0.759 2.338 7.535 29.614
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x = ( q ) (4.52)
q
0 I
A= ( 0 0 ) (4.53)
B(z) = 0 (4.54)
{M(q)}~"
u=r (4.55)
un(z) = 1n(q, q) (4.56)
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000000000 JOOoOoODODO x00000 w0000
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J = Le(@(T)) + / L(z(t), u(t)) dt (4.57)
0
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1
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0000 «w020000000000000000D00O0OODO0OOOweU OO
0000020000000000000R' 00 p 00

R =R+B"Q,B (4.62)
p=p+Q,(Ax — Buy) (4.63)

0000C(x,p) 0 0000000000



75

442 1000000000O0O0O0DODOOO

000O00dl00o00oo0dgooooooo0ooobooOo4200000oo0ooodg
ooooooooooooooooooooooooooooo, ooooooog
oo0b0O0d0OO000000DOODOOOODOO

00000000 1000000000000 bO0 430000000000000O
000 43000000000000000440000Q, 0000000 Q, 000
oo0o000Q, 0000000 Q, 0000000000000 OOO0000OOOO

lh

043 1000000000000

043 1000000000000O0O0GCOOO




76

044 00O0O0OO0OOOOOO

1 0
Q

0 20

00
Q,

0 1
R 8000

4 x 10° 0
Q¢
0 8 x 10*

gobooobgoooo

0 s
xo—<0>, wd—<0> (4.64)

00000000000000000T=1[sec]00000D000ODOOOOOODOOO
l[sec] 0000000 DOOODDOODOOOUOOOUOOOOOOOOOODOOODDOOO
gogobbuoogobobuoooobboooboooobbobuooobboooboo
000b0b0000 200000000000 DO0ODOODOODODOODOOO

u=-R"BTp (4.65)

goog

00 p,0000ORKGOOOOOOOOOOOO JOO JpOOOOO VOO Vp
00000000000 43]00000000000000D0O0OD0OD0ODOORKGOO
00000O0000O00OO00DOOoo0ls|D00D0000DOO0DO0DO0OOOODOOOO
BFGSODODOODOODOODOODOOOOODOOODODOOOOO0000O0 Armijo0000O0
000000000000 00000000000000000O00dIntel Core 2
Duo CPU T9300 (2.5GHz) 0000 4GBOODOOOOOOS O Windows Vista O



77

045 @Q,.00000000
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0 4.4 Optimization result of the case with Qy
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0 4.5 Optimization result of the case without Q-
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