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Abstract

In this thesis, a front-steering assist control system for preventing overturning of motor-
cycles is designed, and its design procedure based on model-based systems engineering is
clarified. It is shown by simulations that the control system can assist seniors or unskilled
riders to prevent overturning accidents of motorcycles caused by sudden disturbances.

The system-level design of the front-steering assist control system is carried out, where
the concept design and functional architecture are decided. In order to realize the func-
tional architecture decided, the control system is designed and its control performance is
verified by carrying out simulations. Also, it is validated by simulations that the front-
steering assist control system can prevent the overturning of motorcycles.

The followings are contents of each chapter in this thesis.

In Chapter 2, the concept design of the front-steering assist control system is carried
out by using SysML (Systems Modeling Language). At the context level, the author
clarifies the design boundary and the associated external systems, and defines basic use
cases of the front-steering assist control system. Relationships and interfaces between the
front-steering assist control system and the associated external systems are clarified by
functional context analysis. At the analysis level, use cases are decomposed to obtain
use cases of Assist Rider’s Straight Running Driving, Assist Rider’s Turning Driving,
and Assist Rider’'s Lane Change Driving. These use cases are regarded as test cases
when the validation of the front-steering assist control system is performed. Behavior
sequences between functional sub-systems of the front-steering assist control system are
described for realizing the use cases at the analysis level. Based on the description of
the behavior sequences, the author creates interfaces among the functional sub-systems.
Using the interfaces and the functional sub-systems, the functional architecture of the
front-steering assist control system is decided. In order to assess the control performance
of the controller, the author clarifies constraints on the controller design using a parametric
diagram.

In Chapter 3, a nonlinear dynamical model of rider-motorcycle system is presented
in order to design a controller and carry out simulations of verification and validation.
According to the use cases analysis at the context level done in Chapter 2, the leaning of
the rider’s upper torso and the influence of the steering reaction torque to the upper torso
are consideration. Also, the author presents a tire model considering its cross-sectional
shape, the elastic deformation and the tire-ground contact area. By adding constraints
such as pin-joint constraints, Kane’s equations of motion and the nonlinear state-space

model are derived. Using the derived nonlinear state-space model, the rider’s steering



torque and the lean torque for controlling rider’s upper torso are calculated by final-state
control to realize an optimal lane change. It is verified that the results of lane change
simulation qualitatively agree with the experimental results published by JASO standard.

In Chapter 4, in order to realize the functional architecture decided by the concept
design, a controller of the front-steering assist control system is designed. The nonlinear
state-space models are linearized around equilibrium points of the steady state. The
linear steady-state straight running models and the linear steady-state circular turning
models are derived at the velocities from 15 km/h to 60 km/h, respectively. By eigenvalue
analysis and frequency response analysis of the linearized model, the reduced-order model
is derived. An H, controller is designed to the reduced-order model, where the feedback
signal is the roll rate of the motorcycle and the output is the torque to be generated by
a servo motor.

In Chapter 5, using the test cases decided by the use cases analysis in Chapter 2,
the verification of the controller and validation of the front-steering assist control system
are carried out by simulations. The effectiveness and robustness of the front-steering
assist control for straight running and steady-state circular turning are demonstrated
from simulation results. Also, the effectiveness of front-steering assist control for the
unskilled rider is demonstrated from the lane change simulations. It is validated that the
front-steering assist control system can prevent overturning of motorcycles and assist the
unskilled rider’s driving behavior.

In Chapter 6, the author investigates the concept design of a driving stability control
system integrating the front-steering assist control system, an anti-lock braking system,
and a traction control system. Also, the work clarifies the future work of the integrated
driving stability control system for motorcycles.

Finally, in Chapter 7, contents of this thesis are concluded.
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Fig. 2.1 Rider’s dangerous experiences classified on the basis of questionnaire research
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Fig. 2.2 Other parties involved in motorcycle accidents (2007)
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motorcycle wheel lockor | control during acceleration | TCS (Traction Control
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Stability Control System)

To-be |

Fully prevent overturning | Integrated driving stability | FACS(Front-steering Assist
accidents caused by control (steering assist Control System),

turning in lower friction control, anti-lock braking IDSCS (FACS+ABS+TCS,
condition, or wheel lock, and traction control are Integrated Driving Stability
or losing friction, etc. integrated) Control System)

Fig. 2.3 As-is To-be analysis of driving stability control for preventing overturning acci-
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Fig. 2.4 Model-Driven Systems Development Approach
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Fig. 2.5 Use case diagram
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Fig. 2.6 Sequence diagram for realizing ” Front-steering Assist Control” use case
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‘ Manually Stopped - Functional View (Context Level)
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I1: Receive Stop Command |
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|

| |

| |

Fig. 2.7 Sequence diagram for realizing ” Manually Stopped” use case
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Fig. 2.9 Hierarchical decomposition of use cases from context level to analysis level 1
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Fig. 2.10 Sequence diagram for realizing ” Detect Roll Rate” use case
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Fig. 2.12 Sequence diagram for realizing ” Stop System” use case
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(b) Rear view

Fig. 3.1 Nonlinear dynamical model of rider-motorcycle system
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Table 3.1 Specifications of rider-motorcycle system

Mass ma my mw me mp
(kg) 164.43 | 15.50 | 50.00 | 19.20 | 10.90
Tonee | Toves | Towar | Tover | Tones
26.04 1.74 4.75 0.41 0.26
Inertia Doy | Lovyy | Lowyy | 1ocyy | Lopyy
(kgm?) 2473 | 0.30 | 0.00 | 1.68 | 0.47
lonee | Toues | Tower | Tocos | Tone
26.28 0.40 0.00 0.41 0.26
a1 a2 as by by
Length 0.5447 | 0.5231 | 0.3586 | 0.7068 | 0.3070
(m) 1 fi €1 R, Ry
0.0503 | 0.1298 | 0.0490 | 0.3120 | 0.2990
Length hy, Angle A
(m) 0.3 (deg) 27
Spring stiffness®!H20 Ky, K
of rider’s upper torso | 350 (Nm/rad) | 172.2 (N/m)
Damping coefficient®52C Cwa Cw-
of rider’s upper torso 20 (Nms/rad) | 26.4 (Ns/m)
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Table 3.2 Specifications of tire elements

Parameter Front tire Rear tire
Spring stiffiness (N/m) Kp, = 130000 | K¢, = 150000
Damping coefficient (Ns/m) Cp, = 1000 Cec, = 1000
Wheel radius (m) Ry =10.299 R, =0.312
Tire radius (m) Ry = 0.0635 R,; = 0.0808
Pneumatic trail (m) Ipzs = 0.005 logs = 0.005
Cornering power (N/rad) Cyo1 = 89.28 Cs11 = 60.64
Cs2o = 3481.30 | Cs10 = 4435.84
Camber thrust coefficient (N/rad) | Ceo; = 14.04 C.11 = 14.60
Ceo = —275.13 | Co = 73.00
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—sin(6,) 0 cos(d,)
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0 0 1

39



00 a0 a=e0q0a)"000000 (tilde matrix) 0 0000

0 —a., ay
a= a, 0 —a,
—Qy Ay 0

gboboboooobbodd
gboobobbob pO00O0D00O0DL0O0D00OD le,00000 Ke, UOOODO
gobobooodn %DDDDD Ce.,00000D00DO0OODOODOO

dle,
fC'z = KClez + CCzd_i (32)

O000000oooooole,00 33)0D00oooooouon
lCZ:(RT_lCQPT)DZDOCZZ (33)
OoooD 00000 PRODO0O0OOlg,p O0000DOODOOOOOOODOODO

lCQPr = lClpngszDZ + lCCn ZCC1 = R, — Ry,

T
levp, = D; Roc,, Roc, = Roc — Doc:z:lcc,

gboobdobobobobobbobobuoboooboboboboboobobobo
gbogbobodgbuodgbbooobuoobbooboobbobbooboobbod
00000000 fe,000OODODOODOOOOO (34)000C0DO.

gbobbepbodoobbboooobbbuoooobboooooboo

wr — v
= —1<ex<1 3.5
c max (v, wr) (Fl<e<]) (3.5)

00000000000 w000000000000w0 000000000000
gboobgooboboobobbobbobbobbobboobooboolto20bOn
gbbuggbbuogbbooobbuooobbuoobboobboobogos3s3buod
gboogbobobgogolbobbuobuogbboobogbooboobbbood
0000 || <0.150000000000000000000000O0ODOOODODODOO
0000000000000 00® 00000000000000000000000
goddoooooobbbbbbbbobbbddodooooooooooodooan
ooobobooobooopibboobooboobbooboboOooobooobooobooboooo
gobbobooggobbobboooobbbbuooobuooooboobobbooooon

40



>
>

Driving

Hmax [ =77

015 )
1 05 /0015 05

=y

“Mimax

Braking

Fig. 3.3 Friction coefficient and slip rate

goobooobooooooboobooobooboooboo e, 00D ObObDOODOD
O00000000000000000000000000000 fey, O

sz fC’z

fow = (Con p + Cs2)B + (Cc117 + Ce12)0, (3.6)
fCZ DgnyROPr sz 1 DSnyDOsz
— (C. Clpp)(— =20 Oy (. Clio)t ZOCyy e
(Csna g + Cs12)( DgcmROPT)ﬂL( ne + Cerz)tan™'( DT Do

Oooooboocy, b0, 000boooobooeqxbc. 00000000 00n
Ubb00e=100000000000 ROQ:0DDDDDDDDDDDDDDDDDD
gogobobobobbbbobbbobobboboboobobbooooooouuoooooog
obogoboodobD Te,, DOOODOOOODDOODLOO0ODLDOOOODbOOOO0
ubod T, 000000000000

TCza: - leyx sz (37)

TC’z = lC:ca:x fC’yy (38)

00000000000000000000 f,,0000 fp,,000 fp,,00000
0000000000 Ty, 0000000000000 T, 000000000000

dip,
sz = Kp.lp. + CDZd_i (39)
. sz sz
nyy - (0821 q + 0822)/6 + <0621 g + 0022)9]% (311)
sz DgDnyOPf sz 1 DgDnyODzz
= s Cs — 5 = ¢ Cc t —_—
(Cso1 p + C)( DgDmROPf> + (Cen1 J + Cego)tan™ ( DT Dop..

41



TD:BJ; = lDyyx sz (312)

Tp. = lpga™ nyy (313)

3.1.2 JO00b0ObObOooobbbooodgbbbooan

0000000000000000
000000000000000000000000000000000000000
00000000000000000000 Ky,0OOO Cw, 00000000000
000000 Ty O

Twxp = _(KWrewx + CWIQUJJ?) (314)

oooooooboe, . 0bobboobooboobobobn
goooooboooboooboonobod h=03mUdODOOOODOO0ODO Ky, OOoOnwO

ooo Cy.,000b0O00oboboooooobooboboooboooboobbooobooo

000000000000 00000000000D00D0 7,00 (315) 0000000

Twzp = (Kyw.hy?6 + C’thbQS)cos()\) (3.15)

oo OOOoOooooooobooo

Uobodbdodd mypgOOO0O000000 7,,000000000000 Tyap
gbobodobodd ., 0o bugbbuobbuodgbbodbbodgbood
000000000 F,,0OODODDOODOOOO0ODOOO

Fow = CowFow = —ChyD.mwyg (3.16)
00000000000 Ny O
N,OW = Dy (Tuwe + Twzp) + CwuD . Tyzp (3.17)

good
gbgobobbooboobuoobgoboobobboobooboon

My Ay =Ty (3.18)
HRERERE MQ,VDDDDD A’OWDDDD I"OWDDDDDDDDD

~/
F,OW - QOWMWV/OW

~/
/ / ’
NOW - QOWJOWQOW

Y

) 1—‘,OW_[

42



my 0 0 Iywee O 0
Mw=| 0 mw 0 |, Jow=]| 0 Iy, O

0 0 mw 0 0 Iow..
owd Q0000000000000 WO0O00000000000000000
00000000000000000000000000000
0000000000000000
000000000my00000000000000000000000 7,000
000000000000000 00000000000+ 00000000000
ooooood 100000000 +7,0000000000000 Fp,O

Foy=ChaFox=—CHuD.mag (3.19)
00000000000 Ny, O
N/OA = —Dx(TwI + wap) - DyTr — CAUDz(Tf'r' + ch) (320)

gooo
gobobooooboboboooobbboooobboooobobobog

M/AAIOA =T04 (3.21)

0000 M,00000AL,0000T,,000000000

~
M My 0343 AL — /OA .. — F/OA - QOAMAV,OA
o AN I 0 VAN A B /AU e U /A o VAN I
3x 3 Joa 0A o4 ~3oadoatioa
ma 0 0 Iy 00
M, = 0 mg O ) oA = 0 I’OAyy 0
0 0 my 0 0 I

gooooooooooooonon

OooooooddmpeUO0D0OO00000000000000000000 7,000
gobodgbdbodoooogiod rp, 0000000000 gbodabodogoooogn
ooooooooon -7, 0000000000 F,, 000000 Ny, O

Foy = CouFou = —ChyD.myg (3.22)

N/OU = DZ(TfT + Tfe — Twzp) (323)

43



ooooodoooooodoobooooonoooooooog
.

0000 M,00000A,,00007T,,000000000

~
MU 03)( 3 ,OU F,OU_QOUMUV,OU
!/ ! . / —
AlU__[o A S I VA Rl PSR AN v
3x 3 ou ouU oU ~— *AoUuY oUu**oU
my 0 0 Topee O 0
My=1| 0 my 0 |, Jog=| 0 Loy, 0
0 0 my 0 0 Dby

00O00o00o0oo0ood

31.100000000000000000000000 meg0000 fe.000 foy,0
000 f,,000000000000000000000 0000000000000
Te,00000000000000 Te,, 000000000 F,, 000000 N,,0O0
0oO00o0O000O00o0

Féc = CchOC = CgC(_DOC$$.foCIZ + DOnynyy + DZ(fC'Z - mcg)) (325)

Noe = DocarTowe + Dyr + D.Te. (3.26)
gbgoboboboobooboobgoobooboboobod
-/
MyAoc =Toc (3.27)

0000 M,00000 A,,00007T,, 000000000

~/
M. — Mg 035 3 Al — /OC .. — F/oc - roMc‘Vloc
““lo T s, | T | N = QT |
3x 3 oc oc oc — déocd ochtoc
me 0 0 1500 0 0
Mc=| 0 me 0 |, Jpc= 0 Ibe,, O
0 0 me 0 0 Ibe,,

000000000000

00000000000 mpgd 000 fp.000 fp,0000 fp,,0 0000000
00000000000000000000 Tp,,00000000000000 Tpy, O
00000000 F,, 000000 N,,0000000000000

F(/)D = C’gDFOD = CgD<_DOszfDxx + DODynyyy + Dz(sz - ng)) (328>

44



N/OD:DOD£E$TD.I$+DZTDZ (329)
godooooooooooooooboooboooboooooon
./
M/DAOD:FIOD (3.30)

0000 M,00000 A,p,0000T,, 000000000

~/
M. — [ Mp 0O3x 3 r_ [ /OD] .. — [F,OD_QODMDV,OD
D= / ’ oD — / ’ oD — / o / /
03x 3 oD oD NOD QODJODQOD
mp 0 0 Ip.. 0 0
Mp=| 0 mp O |, Jop=| 0 Ip, O
0 0 mp 0 0 Ihp..

3.1.3 U00-ggbbobouooobbbuoobobbbooogbboboooobon

000000000000000000000000000000003.1.10000
0000000000000000000000050000000000000000
00 (3.3)0000000

miH = f1 (3.31)
oo0oo
ANoa M, Ioa
ANou M, 0 ou
H=| Now |, mf= M, . = Tow |
ANoc 0 M, oo
I ANop | ] M, | I oo |

O00000000000000000 331)0300000000000

sobooboboboobobooboboboobobobobooboboog
gggooobbobbbbbbbbbobobbbbbobtbuooooouoooooooo
gboobooboboobuooboboosbbo4bobboobobooboboboboog
gbo2o0b0ogobodgboouob-uogbogoboobodboogobuoobobod
goobooboood

m°8 = f° (3.32)

45



000000000 SO0000000000O000 V,,0000000000000
P,,00000000400000000000000 6, 0000000046,0000
D000 4,00000 (3.33) 0000

00000 SO000000000» 0000 £50

oH oH oH d O0H
S T,  H S T/ peH H
= (== —_— — (== — — S
m” = (gg)mioe, F=(gg) (F7 —mi(55)5)
0000000000000000™2E 00000000000
OH [&L L o o1 on o
08 L 0Voa 9004 06 00,. 09, 0y

O00000 000000 S000«0000000000000

S S _
f5 = %iss + aaiuu +f° (3.34)

oubdbd«dogododoooodo ,dbdbdid r,, 00000000

T
u = f =
T’UJ:B

0000000 +~00000000000000000000000 7,,0000000
0D00000000000000000 7,000000000000000 Ky.0O
00 Cw.00000000000000000000000000000000000
0000 7,.000000000000000000000000000000000 5
00000000~ 000000000 SO000«0000000000

0 (3.32)00 (3.34)000000000000

S S _
S::@n%-ﬁg%54-@n%—@ylu+mnﬁy*f5 (3.35)

0(3.1)00 333)000100000000-000000000000QODOODODO
OSOO000b0bOoooooooooDo

Tfr + Tfe

T’UJZB

[ Coa 0303 031 O30 1 Oyuy Oy |
03><3 I3 03><1 03><1 03><1 03><1
0 Qg |03 0z 1000 | (3.36)
oS Oix3 O;x3 O 1 0 0
Oix3 Ox5 O 0 1 0
| O1x 3 O1x 3 0 0 0 I

46



0(3.36)00 (3.35) 00000000 QUOO0D0D SO000xz=[Q" 87170
00000-0000000000000000000000000000000000
000000000

= A(x)x + B(x)u + E(x) (3.37)
ooood
Q s Tr + Te
xr = ;U= = ?
S Twa Twa
0Q
010x10 oY O1ox2 O10x1
A(z) = 98 s |, Blm)= a¢s | E(m):[ - ]
010x10 (mS)—l%LS (mS)A% (mS)—lfS
oooag

3.1.4 UO0O0O-000000DOO0O0bOObOobOoboboboobaoboboanooan

DDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDngVOCDD
DDDDDDDDDDDDDlcpTDDDDDDDDD@DDDDDDDDDDDDD

DY Voo =lcpb, (3.38)

~ 0, -
Voc=Coa(Vp,— RACa -9400,)
®oa

000000000000 6,00000000000000000000000000

0000 vy, 000000000000000 ©o,0000000000
DDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDgDMVOD

DDDDDDDDDDDDDDDlefDDDDDDDDD@DDDDDDDDDDDDD

D{p..Vop = lpp,b; (3.39)

- a0, -
Vop=CoaVps— Coa(Rav + RUD)a(;)OA Ooas+ CouvD,.(Ryy — Ryp)d
0A

gobobouooogooo éfDDDDDDDDDDDDDDDDDDDDDDDDDD
0000V, 000000000000000 ©o,00000000460000000
god

ooboboooboobooobooooodtooobboobobooo soooobobooooboo
O0000000000Doo8soUooooooo S 00oon

, v . . qT

47



0(3.33)00 (340) 0000000000 %DDDDDDDDDD

Ig

oS | a6,
r oS’
08 90
oS’

gobbobboooogobbbbuoo-bbuoooogsgooboobuoooan
goboboooogn

mS' S = % (3.41)

00000000 m¥ 0000 £50

, 08 08 . 0S d, 08
s _ T,.5 s _ TieS .. SY ’
D0O00D000O00 £ 000000 §’000«0000000000000
. OfY of ~
s ’ S
7= 85’5 + o u+ f (3.42)

000000000000+ 000000000 S 000«0000000000
0 (3.41)00 (342)000000000000

. liafS/ liafS/ In_1 aQ/
’_ 5\—1 ’ §\—1 S§'\—1 g5
S'=(m”) 85’S+<m) auu—l—(m) f (3.43)
O00-000000000000 Q@QUUUUDO sS’0DdnDonDOooooooog
. 0Q ., 0QoS _,
= = 44
Q 85’5 &S’é?S’S (344)

0 (344)00 (343)00000000 QOO0000 S'0000« =[QT 87T
000000-000000000000000000000000000000000O0
00000000000

' =A'(x)x' + B (' )u + E'(z) (3.45)
ooond
0Q
Q Tf Tir + Tte O10x10 aa7
xr = g’ , U= = , Al(wl) = Slasl afS/ ,
Twzx Twzx 08><8 (m )_ 957
B'(w') o 010><2 ; /(m/) _ [ 010><1 ]
s\—10f ’ S'\—1 £S5
ooonO

48



3.2 UO0O0b0OOoOooooobbooooboobobon

gobbobooooobbbouoooobbbbooooob-ooooobobod
0000000000000000000000000000000%®0ooooo0n
goggoooboobbbboboobbbbbobooobooddoodooooooooon
gbobogbobobobboobobobobobobobobobobobobobo
gbboodboooobooboobobuoobbuoobbbobbuoobboobood
gboogoboobboobboooboobbou 2sg0bbo0oobO0d 10 NmDb O
00004s0000000000000000% 0000000000000000O0
gooobooooboboobooboboooprPIODbbOobObOoOobOo0obbOOobDbOoOoDbO
gbogbboobboboboboboboboooooobobobobobobobo
goboon

3.2.1 0J00O0oobOoooobobobuoooobbbuoooobbodao

gbogobuogbbogbooboboobobuooboooboogobbogboogd
30 km/h035 km/h040 km/h 000000000000 O0O0O0O0CO0OOOOOOOO
goboboboooobbboooobbbooog 34bogbo3sgpobobooon
000000000000000000000000000000000 0031528400
gbboggbbboodbbuooobbodobbuoobbooobba3ebbubod
gbgbbobuoobobooboobbooboobobuoboobooobuoobood
gbogobuodgbboooobbobobuooboboobuoobbobooboobobod
70%00000000000000000000000DO0000DDOOOO0OODOO
gb0o34b000000000000000O000O00bOobO0O0OO0bOobOo0bOoDO
gbobobo3stoooobouoboobobobobon ZzgOoboooooboobo
gboboooboboooboboobobuobooboboobobooobo zpohg
gbbooggbogoobbooboooboobbuooboboooobboobood
gbobogbbogobbuooobbuooobbuooobboobbbooun 3600
gbogobobbobooboobooboobobboboon

3.22 UJU00O0OO0bOOOoOoOobbObOoooobobobooooboon

000000000000000000000000000OoOoo®®gooood
030km/h000000000000000000000000 pme: D 020 0800
Dooooooooouooin 3.70 ume =02700500000000000000
gboboboboooooobobobooboboboooobobobobobo
gobbboooobbbuoooobbbooooboo

038,039000000000000/0000000000/00000O0O0ODO0O0
0000000000000000000000000O0® 00000000000 3.8

49



4 ‘ T \
— :83m/s
-=== :9.7m /s
11.1m /s 1
"ap
Q P b e
s |l o~
)
"o
& ]
S
_6 | 1 | |
0 2 8 10

4 (&)
Time [s]

(a) Steering angle

Angle [deg]

_6 | | |
2 4 6
Time [s]

(b) Roll angle
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Fig. 3.8 Friction circle of front wheel and rear wheel (v=8.3 m/s, ftn4,=0.27)
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Table 3.3 Parameters of steady-state circular turning simulations(the radius of 30 m,

velocities from 15 to 60 km/h)

15 km/h | 20 km/h | 25 km/h | 30 km/h
Roll angle (deg) 3.4 6.0 9.3 13.2
Rider’s steering torque (Nm) -2.7 -3.1 -3.7 -4.5
Kp 40 25 23 20
K 25 20 18 15
Kp 38 18 8 5
35 km/h | 40 km/h | 50 km/h | 60 km/h
Roll angle (deg) 17.8 22.8 33.3 43.3
Rider’s steering torque (Nm) -5.6 -7.1 -11.9 -20.7
Kp 19 18 16 14
K, 14 12 10 8
Kp 4 2 2 1
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Fig. 3.18 Experimental results of lane change??”
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Fig. 3.19 Closed-loop system including rider driving model and nonlinear dynamical

model of rider-motorcycle system

Table 3.4 Parameters of rider driving model

Time Prediction Proportional | Proportional | Integral
Parameter
delay*™60 T, time*oH46H T, gain Kp gain Kpp, gain K7
Skilled rider A 0.1s 1.5s 5.2 1.04 4.5
Unskilled rider B 0.15s 1.3 s 7 1.4 4.8
Unskilled rider C 0.2s 1.2s 8 1.6 5
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Table 4.1 Equilibrium points in steady-state straight running at velocities from 15 km/h

to 60 km/h

15 km/h | 20 km/h | 25 km/h | 30 km/h
Z4o  (m) 0.6246 | 0.6246 | 0.6246 | 0.6246
0,0 (rad) | -0.0306 | -0.0306 | -0.0306 | -0.0306
iy, (m/s) | 4.1631 | 5.5507 | 6.9384 | 8.3261
# (m/s) | -0.1274 | -0.1699 | -0.2124 | -0.2549
0., (rad/s) | 13.7520 | 18.3360 | 22.9200 | 27.5040
0, (rad/s) | 14.2476 | 18.9967 | 23.7459 | 28.4951
35 km/h | 40 km/h | 50 km/h | 60 km/h
240 (m) 0.6246 | 0.6246 | 0.6246 | 0.6246
0,0 (rad) | -0.0306 | -0.0306 | -0.0306 | -0.0306
iy, (m/s) | 9.7138 | 11.1015 | 13.8768 | 16.6522
o (m/s) | -0.2973 | -0.3398 | -0.4248 | -0.5097
0., (rad/s) | 32.0880 | 36.6720 | 45.8400 | 55.0080
0, (rad/s) | 33.2443 | 37.9935 | 47.4918 | 56.9902
.7 . . . .7

So = [ V%Ao Ovao %0 buzo 0o bpo }

0 #, 0 0 0 0 0 6, 6 ]71
00000000000000000000000 15 km/hO 20 km/hO 25 km/hO 30
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goboboogobobodan
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Table 4.2 Equilibrium points in steady-state circular turning at velocities from 15 km/h

to 60 km/h

15 km/h | 20 km/h | 25 km/h | 30 km/h
2a (m) | 0.6237 | 0.6218 | 0.6179 | 0.6112

0., (rad) | 0.0590 | 0.1046 | 0.1626 | 0.2301
0,0 (rad) | -0.0305 | -0.0304 | -0.0301 | -0.0297
5, (rad) | -0.0547 | -0.0555 | -0.0574 | -0.0593
Ouzo (rad) | -0.0048 | -0.0071 | -0.0103 | -0.0145
iy, (m/s) | 4.2041 | 57220 | 7.1482 | 8.5749
74 (m/s) | -0.0889 | -0.1299 | -0.1825 | -0.2457
#. (m/s) | -0.1259 | -0.1601 | -0.1852 | -0.1968

.o (rad/s) | -0.1500 | -0.1953 | -0.2419 | -0.2869
o (rad/s) | 14.2540 | 19.0064 | 23.7602 | 28.5162
07, (rad/s) | 147911 | 10.7285 | 24.6778 | 29.6460
35 km/h | 40 km/h | 50 km/h | 60 km/h
240 (m) 0.6003 0.5853 0.5433 0.4949

0., (rad) | 0.3110 | 0.3975 | 0.5800 | 0.7453
6,0 (rad) | -0.0290 | -0.0281 | -0.0251 | -0.0206
5, (rad) | -0.0621 | -0.0642 | -0.0666 | -0.0651
Ouzo (rad) | -0.0207 | -0.0292 | -0.0606 | -0.1313
iy, (m/s) | 10.0038 | 11.4402 | 14.3680 | 17.4243
iy, (m/s) | -0.3253 | -0.4136 | -0.6061 | -0.7821
#. (m/s) | -0.1855 | -0.1473 | 0.0364 | 0.3628

6., (rad/s) | -0.3376 | -0.3868 | -0.4881 | -0.5802
6,, (rad/s) | 33.2759 | 38.0394 | 47.6091 | 57.2725
67, (rad/s) | 34.6503 | 39.7001 | 50.0470 | 60.8495

4.1.2 O00-0000000000O0O0O0000
0(3.36)0(3.32)0 0000000000000 00OO0OODOODOO

Q=0Q,+AQ (4.3)

0Q  0Q 0Q

S=S,+AS (4.5)
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m® =mS + Am® (4.6)

S=5,+A8 (4.7)

£ =5+ a8 (4.8)

0000000 (3.36)0(3.32)000000

Q,+AQ = ( | +A2§)(S +AS) (4.9)
(m5 + Am®)(S, + AS) = f5 + Af° (4.10)

oooooooooooo 4)), 42)0ooooo000ooooooooooogooo
gbboouogobobboooobuoobboobbooboooboobboobood
gobobooogbbbuooooboboooobon

0Q

AQ = ASSSo+ \ AS (4.11)
mSAS = AfS (4.12)
gooo
Q. 0 aQ
Ao5% = 3g a5 o). AR,

s_ Of° of° of°
Af = %‘OAQ + E}OAS + 8—u|oA’U,

000000000 (4.11), (4.12)0000000000000O0O0OO0OOOOOOOOO

HRERERE
Am _ AQ A’u, _ ATf _ ATfT + ATfC
AS AN ATy ’
il aQ
Al _ [ %(ﬁsoﬂo 98 o ] Bl _ [ 010><2 ]
S S ) 95
(m%) %] (mS,) 18| el
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4.2 UO0O00O0O0O0OO0OOOOO0OO0OO00O0O0

4.2.1 0DOO0O0OO0
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0000000000000 0000000000% 000000000000000
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gbobobobooboboooboobobobobobbobobobobobobo
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gooboboood
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Table 4.3 Eigenvalues of linearized model in steady-state straight running at velocities

from 15 km/h to 60 km/h

15 km/h 20 km/h 25 km/h 30 km/h
Roll capsize mode a; -4.19 -4.36 -4.24 -3.6
Steering capsize mode g -124.28 -84.56 -56.81 -37.84
Weave mode 1.69452.37 0.90+52.65 0.08+752.77 -0.74+52.79
Wobble mode (s - -33.83+455.01 | -31.83+515.99 | -30.55+523.06
Upper torso mode (33 -1.13454.88 -1.05435.00 -1.00%355.28 -1.164355.70
o -10.274549.65 | -10.53%549.73 | -10.80£549.87 | -11.06£550.07
05 -3.59+532.08 | -3.57+532.08 | -3.56+532.07 | -3.544+532.06
35 km/h 40 km/h 50 km/h 60 km/h
Roll capsize mode aq -2.24 -1.32 -0.73 -0.51
Steering capsize mode aw -28.97 -23.85 -18.52 -16.70
Weave mode [y -1.55+353.10 -1.77+53.73 -1.56+754.18 -1.444354.30
Wobble mode (s -27.224528.01 | -23.97+530.78 | -19.02+533.38 | -15.67+534.35
Upper torso mode (33 -1.59+436.22 -2.244+57.00 -2.98+759.32 -2.82+511.37
B4 -11.324550.33 | -11.55£550.66 | -11.88£551.46 | -12.03+552.29
05 -3.51+532.05 | -3.484+3532.04 | -3.40+4532.03 | -3.30+;532.04
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Fig. 4.2 Eigenvalue locus of linearized steady-state straight running model at velocities

from 15 to 60 km/h
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Table 4.4 Eigenvalues of linearized model in steady-state circular turning at velocities

from 15 km/h to 60 km/h

15 km/h 20 km/h 25 km/h 30 km/h
Roll capsize mode ay -0.02 -0.02 -0.02 -0.02
Steering capsize mode as -0.39 -0.98 -2.33 -33.33
Qs -0.16 -0.22 -0.30 -0.39
oy -21.14 -4.24 -3.52 -
Qs -4.19 -75.88 -47.63 -
ag -57.17 - - -
a7 -116.29 - - -
Weave mode 1.80452.41 1.31£52.79 0.97+53.11 0.76+43.45
Wobble mode (9 - -33.35+59.59 | -30.82+519.66 | -26.05+526.03
Upper torso mode (33 -1.044+354.91 -0.93435.02 -0.844355.20 -0.80455.46
o -10.584549.54 | -11.224+549.61 | -12.04+549.89 | -12.88+550.57
Bs -3.63£532.03 | -3.61+531.94 | -3.54+£531.79 | -3.39£531.53
o5 - - - -3.16+51.82
35 km/h 40 km/h 50 km/h 60 km/h
Roll capsize mode ay -0.02 -0.01 -0.01 -0.01
Steering capsize mode aq -26.15 -21.57 -15.98 -12.32
Qs -0.51 -0.64 -0.93 -1.21
Weave mode (3 0.65473.88 0.53+54.43 2.02457.31 5.38478.25
Wobble mode (2 -20.844528.07 | -17.10£527.87 | -12.94+525.45 | -11.60+522.96
Upper torso mode (33 -0.744355.76 -0.524356.06 -0.651754.76 -0.83454.02
B4 -13.194551.63 | -12.63+552.37 | -10.53+551.16 | -9.20+547.12
05 -3.12+531.09 | -2.72+530.45 | -1.544+528.43 | -0.244+3525.85
B -3.26+752.83 -3.22+353.59 -3.22+54.78 -3.96+756.13

O00015km/h060 km/h0000000 a3015km/h025km/h0000000 «a40
as015km/h0000000 a0 ;030 km/h060 km/hOO 0000 fgOO0O0O0OO
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ooboobooooooooobogobo p00boboboboooUbUo05H201.6
HzO000O0ODODODODO0O0O0000000 0000000000 20km/h00 60 km/h
gboobodboobobuooboboobobboobboboon 5.5 HzO04.09 Hz O
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Fig. 4.3 Eigenvalue locus of linearized steady-state circular turning model at velocities
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Fig. 4.5 Frequency responses of linearized steady-state straight running model at 30
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Fig. 4.7 Frequency responses of linearized steady-state circular turning model at 30 km/h

(pp. 91-92)

91



Gain [dB]

-160 - i
_200 R | R | Lol | L
10° 10 10™ 10° 10" 10° 10°
Frequency [HZ]

(c) Vibration modes (A6, /ATy)

Gain [dB]
o0)
(@)

-120

-160 1

_200_ | \\\\\H\_ | \\\\\H\_ Lol Lol Lol

1
Frequency [HZ]
(d) Vibration modes (Ad/ATy)

Fig. 4.7 Frequency responses of linearized steady-state circular turning model at 30 km/h
(pp. 91-92)

92



Table 4.5 Modes of reduced-order model for controller design in steady-state straight
running at velocities from 15 km/h to 60 km/h

15 km/h 20 km/h
(6th-order model) | (8th-order model)
Roll capsize mode aq -4.19 -4.36
Steering capsize mode as -124.28 -84.56
Weave mode [3; 1.69+752.37 0.90+52.65
Wobble mode (3, - -33.83+35.01
Upper torso mode (33 -1.134+74.88 -1.05£355.00
25 km/h 30 km/h
(8th-order model) | (8th-order model)
Roll capsize mode aq -4.24 -3.6
Steering capsize mode ao -56.81 -37.84
Weave mode [3; 0.08472.77 -0.74452.79
Wobble mode (3, -31.834515.99 -30.55+723.06
Upper torso mode (33 -1.00£755.28 -1.16£455.70
35 km/h 40 km/h
(8th-order model) | (8th-order model)
Roll capsize mode aq -2.24 -1.32
Steering capsize mode as -28.97 -23.85
Weave mode [3; -1.55+73.10 -1.77+453.73
Wobble mode (3, -27.224+528.01 -23.97+730.78
Upper torso mode (33 -1.59476.22 -2.244+57.00
50 km/h 60 km/h
(8th-order model) | (8th-order model)
Roll capsize mode a; -0.73 O -0.51 00
Steering capsize mode s -18.52 -16.70 O
Weave mode (3, -1.56+754.18 -1.444-54.30
Wobble mode (3, -19.02+7533.38 -15.6743534.35
Upper torso mode (35 -2.984759.32 -2.82+511.37

gobbooobooboboooboubibiob b 0o0booobboblh abobo
oobooppb0boobogboon psgbgbog oo gooooooonoog
O030km/h000300000000000000D0000O 120000000000
00000004900001200000000000A60,/A7,0000000 10 Hz
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Table 4.6 Modes of reduced-order model for controller design in steady-state circular

turning at velocities from 15 km/h to 60 km/h

O0000A§/Ar, 000000040 H2000000000000000000000

oo

15 km/h 20 km/h
(8th-order model) | (10th-order model)
Roll capsize mode oy -0.02 -0.02
Steering capsize mode awo -0.39 -0.98
Weave mode 4 1.80+352.41 1.31+52.79
Wobble mode (2 - -33.354+359.59
Upper torso mode (33 -1.04454.91 -0.934755.02
05 -3.63£532.03 -3.614+531.94
Be - -
25 km/h 30 km/h
(10th-order model) | (12th-order model)
Roll capsize mode aq -0.02 -0.02
Steering capsize mode as -2.33 -33.33
Weave mode ) 0.97+53.11 0.76+53.45
Wobble mode 2 -30.82+519.66 -26.05+526.03
Upper torso mode (33 -0.844355.20 -0.80455.46
05 -3.54+331.79 -3.394531.53
B¢ - -3.16+51.82
35 km/h 40 km/h
(12th-order model) | (12th-order model)
Roll capsize mode a; -0.02 -0.01
Steering capsize mode awo -26.15 -21.57
Weave mode 1 0.65+53.88 0.53+54.43
Wobble mode s -20.84+528.07 -17.104527.87
Upper torso mode (33 -0.744755.76 -0.52476.06
0s -3.12+531.09 -2.724530.45
B¢ -3.261+52.83 -3.22453.59
50 km/h 60 km/h
(12th-order model) | (12th-order model)
Roll capsize mode oy -0.01 -0.01
Steering capsize mode awo -15.98 -12.32
Weave mode 2.02457.31 5.38+78.25
Wobble mode (o -12.94+525.45 -11.60+522.96
Upper torso mode (33 -0.654754.76 -0.834754.02
0s -1.54+528.43 -0.24+725.85
Bs -3.224454.78 -3.96+756.13

94




|—: Full-order model
---: 8th-order model
-50 -
[7)
S,
c ‘100 [
‘B
O
-150 -
10° 10 10" 10° 10" 10° 10°
Frequency [HZ]
(a) A, /ATy
—: Full-order mode
---: 8th-order model
__ 507
m
S,
[
8
-100 -
-150 Ve
10° 10 10
Frequency [HZ]
(b) Aé/ ATy

Fig. 4.8 Frequency responses of reduced-order model in steady-state straight running at
30 km/h
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Fig. 4.9 Frequency responses of reduced-order model in steady-state circular turning at
30 km/h
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Fig. 4.10 Feedback control system
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Fig. 4.12 Frequency weighting functions of H., controller designed for steady-state
straight running at 30 km/h
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Fig. 4.19 Closed-loop system for control experiment
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Fig. 5.2 Simulation results with front-steering assist control and without assist control

in steady-state straight running at 30 km/h (pp. 113-115)
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Fig. 5.2 Simulation results with front-steering assist control and without assist control

in steady-state straight running at 30 km/h (pp. 113-115)
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Fig. 5.3 Simulation results with front-steering assist control and without assist control

in steady-state straight running at 15 km/h (pp. 116-118)
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Fig. 5.3 Simulation results with front-steering assist control and without assist control
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Fig. 5.8 Steering and lean torques in lane change
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—: With Hm control for disturbance
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Fig. 5.9 Simulation results of front-steering assist control against disturbance in lane

change
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Fig. 5.10 Robustness of front-steering assist control for 30 % variation of rider’s upper

torso mass

130



del t=0.7s

! Nonlinear Dynamical

| Model of
Y 1(0 yt+1,) ‘ Rider-Motorcycle System
R e (L 1
! + | 5 3 9x
2nd-order Predzictioq 112{}.; - H_, Controller
t+T T
H ») 1+?;J.\'+—p.\"'
2

y : Lateral displacement,  y* : Lateral displacement target, K, K, : Proportional gain, K : Integral gain,
T, Time delay. T, : Prediction time, 7, : Rider’s steering torque obtained by Final-State Control,

74, * Rider’s steering torque cbtained by rider driving model, 7, : Total rider’s steering torque ,

7T, - Lean torque obtained by Final-State Control, 7. : Lean tcrque obtained by rider driving model,

7, Total lean torque, 7, Steering disturbance.

Fig. 5.11 Closed-loop system including rider driving model, nonlinear dynamical model

of rider-motorcycle system and designed H., controller
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3 -==-: Skilled rider A without control

_ ——: Unskilled rider B with control
S 60 | | : Unskilled rider B without control
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(b) Rider’s steering torque
Fig. 5.12 Simulation results of front-steering assist control for unskilled rider B in lane

change (pp. 132-135)
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Fig. 5.12 Simulation results of front-steering assist control for unskilled rider B in lane

change (pp. 132-135)
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4 — : Unskilled rider B with control
"""" : Unskilled rider B without control
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Fig. 5.12 Simulation results of front-steering assist control for unskilled rider B in lane

change (pp. 132-135)
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Fig. 5.12 Simulation results of front-steering assist control for unskilled rider B in lane

change (pp. 132-135)
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3 -==-- Skilled rider A without control
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Fig. 5.13 Simulation results of front-steering assist control for unskilled rider C in lane

change (pp. 136-139)
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Fig. 5.13 Simulation results of front-steering assist control for unskilled rider C in lane
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-==-- Skilled rider A without control
— 4 — : Unskilled rider C with control
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Fig. 5.13 Simulation results of front-steering assist control for unskilled rider C in lane

change (pp. 136-139)
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Fig. 5.13 Simulation results of front-steering assist control for unskilled rider C in lane

change (pp. 136-139)
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1: Initialize Vehicle System
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2: Initialize Vehicle System
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|
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4: Provide Pawer

6: Drive Motorcycle
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I
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——— e e —————
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[In case of lane chan
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1: Assist Rider's Turning Driving
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1
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2: Estimate Rider's Operation Error
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¢
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I
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Fig. 6.2 Sequence diagram for realizing ” Integrated Driving Stability Control” use case
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&: Manually Stopped - Functional View {(Gontext Level)
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i
|
2: Stop |System :
|
|
|

Fig. 6.3 Sequence diagram for realizing ” Manually Stopped” use case
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£ Sense State — Functional View
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Fig. 6.6 Sequence diagram for realizing ” Sense State” use case
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