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Multibody Modeling and Robust Double-loop PID Tilting Motion Controller
Design by Using QFT/H,, Theorem for a Diamond-shaped Narrow Tilting
Vehicle

Chen Chih-Liang (Department of Electrical and Control Engineering)

Dissertation directed by Professor Chiou, Jin-Chern

Abstract

In this dissertation, a personal electric narrow tilting vehicle (NTV) called “IPM
(intelligent personal mobility)” is developed to solve problem of oil shortage, pollution
and traffic jam. The vehicle has four wheels arranged in a diamond shape. It is capable
of operating in vehicular tilts with less‘weight and width. In order to simulate
hazardous driving conditions, IPM was built a -model by using planar multibody
system method. A planar multibody system tire model was proposed to represent
ground-vehicle interaction. In order to verify the IPM multibody model experimentally,
we also proposed a separate calculation method using two acceleration sensors and one
angular position sensor for the purpose of obtaining ground forces. The multibody
model was verified by comparing with the real IPM in designed slalom tests. It
matched with the real vehicle effectively and accurately. This model can applied to
analyze the joint reaction force of IPM to assist in controller design.

An IPM tilting motion controller designed by using Quantitative Feedback Theory
(QFT) and H,, theory was proposed in this dissertation. For implement purpose, this
controller was systematically translated into a double-loop PID controller (two loop
PID control, one tilting position control loop enclosed one tilting rate control loop).
The controller was verified by working with the verified IPM multibody model. After

the verification, the designed controller was verified that it has high tracking

II



robustness. It also was verified it can resist the load disturbance from lumpy roads and
inadequate tilting command (Focus on driver position, if the gravity antiroll torque can
balance with the centripetal force rollover torque, it is called adequate tilting

command.) by working with the verified model.
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External torque

Fized coordinate
On mass center

Fotated coordinate
Of fass center

Feaction forces

Contact point
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body i

xy coord. : the reference
global coordinate

&mi coord. : the body fixed
coordinate

Y : the orientation angle of
&n; with respect to xy.

X

B 12 g P; 2+ =< & & (Cartesian coordinates)

24 % F03)
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BN AR G 2 R AR SRR CB R S PR P2 R
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JoBO (Gt R B A L e mic B imis o BEPArG st BlY S 8 RIS
P2 BEPEC o FfeF, A~ B 5 (F% BBody jE w2 xP w4 Byd e d 5 NiiEH
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Wheel spin axis

o tilting
Non-tilting

/ +«— Wheel rim
Tire
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\ —_— P . .
Tire equivalent
k / C spring and
77 7 T T, damper
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2.5 i3]z i@ 6 f2(Equations of Motion)

e (2.1)#77 0 ¢ 5 body 2. = % ¥ 2 = (orientation) » @ 43N (2.2) 0 ¥H- BE
FnBEF Ol v B EqL g g5 ... e S 1295 9 &L Si(constraint
system)z_ #+ # § B2iFH F > & 42 42 1048 ) * Lagrange3k + (Lagrange multiplier)
m 45 g [15] - ;‘ga BEFA RS RBEFHFF L ARLELE > R FHER
* #%23 (Equations of motion)# 4% & 7+ % DAEsé2) 3% 4o 38 (2.3) %775 » B ¢ I, 5 B
£ 45" (mass matrix) > @ 5 & F L > 420 @ @, 5 4p ¥ & 2 Jacobian matrix (-
Yqit ks ) > A5 Lagrangedk + » & (Lagrange multiplier) > Q% 5 #v &% L& B
PR b2 eh 4 (é_j\/;g e g }r‘;—,%’gé\:%’:‘ﬁ;ﬁ,u g 4 s 1A gﬁ_éﬁf? 4 R '3, 4~ Prs
A BRGNS EE) pLERE ik B S 482 1 T8 (the right side of kinematic
acceleration equations)[15] o pt @& = 420 (FIPM2_ # s BAV 5 d $eiE = 2 2
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B bt d kRl MASnx12 w® 0 LN £A% BkB A & (clement) * A

T& 5 BA4P R (dimension)ew & 0 #Ag, s % kB~ 2 (element) * 4B~ i 4ot

Q24417 » Pl aNQR5)Y "R(BqEFAAREEZ Ao B)R L FRBEB YL
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AF e 4 R ER AR Ry
_ T
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3.1 %3 & # (Ground Forces)

LR EHEIPM S MY A PR B H kp H a2 4R e

o B (MY eni B AR R RAF g 4§ BMART 0 EESE o 3N e AL
B 5= = B g Ao BII6577 o & B g ITALPE > Mems i = B 4o B1757
BORR - ST 2 R AR AW 185 0 BI16-182 1% (3.1)-(3.8)2 5 Bk

FLP AT o Floapt - AR G - B d R ATU R FRATE- B AR
BHFET KT & Sei® $ 8 38 & (kinematic motion) > f A ¥ 2 fa ¢ o FHO,IT
P HE Ao (3)-(34) 0 H B 2N S 0,2 Sl Bt H Y
M3 s J enie % 35 00 5 Oy Bl MAR T et B 3510 5 p e Fhet o Al
P X (3.5)40(3.6)F 14 @ FIME SRR S B 0,7 141 XGT)E D e
3.8)#7m 2 L, ¥ 14 ;ﬁd B L felgyenTiqez T 24380 Ak P o 50

(3.1)-(3.8)4>s s G £ (5% 4 F L F i

6, = £.(6,) (3.1)
¢=1(6;) (3.2)
0, = f;(6,) (3.3)
0, = 1.(6,) (3.4)
L, =[=-Ml,sin(6,) + M [, sin(p)]/m 3.5)

, =M1, cos(6,)+ M 1, cos(p)]/m (3.6)
6, =—tan" (L /L )= 16, (3.7)
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lmo = \/LCJ,X2 + LcJ,y2 = ﬂ(gd) (38)

s A A s vz A oz A
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() FF R & d @ Svo (ab)T FFd RfERNG9L M2 S A2w K7 4038 (3.10)
BRI R (TRERZ Y AT g 5 SRS A g R P
R=25m @ d=4m > F %Rk iw4o Bl 21(F & AL S (7)) ] 22( 5 MEAL S (7)1

TF [¢]

2R-a=d
x*+y" =R’
sa’-2by-2ax+b*+x"+y° =R’ 69
x=R-d/2
\ y=>b/2
a=2R-d (3.10)

b=\/4R2—a2 (3.11)

H,=(ab)
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2P AT 0 B IPMNTVEFF 2 & (FRFE#AE 5 4.7m/s > 5.5m/s ~ 6.9
22 80m/s > o AIEAE T B AR AT E P o At g2 AL T g%@ﬁ*
F o S R o 4 T AT R R A T 5 Il R
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— simulation
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0.04 non-tilting, 4.7 m/s
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SR 50 (4.9) 0 B (AT IAR L kS~ T (BT~ R LA A4 )

e (4.10) 0 PLREINVFTR m, 5 196kg(F R F) £ e R G g0 HIEER
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[ 5 0442m > B £ 75 3102 kgm® > APk €7 0 & Slcens
f"%[ﬂ'&\?% Aror o HH R R RB S RN s FENGL) B Car sk d
Frgr et 4 2 2 e E o FIpt ﬁ?f“i,ﬁ‘iiﬁﬁ;‘z,:"g‘ﬁf%ﬁ%ﬁ;’%ﬁi’ PN Egon dipt

G R E RO AP B flY QFTHR 3 A S el % -

(m,1> +1)0,—m, glsin(0,) — Flcos(d,) = ¢ (4.1)
6, =0y +¢ 4.2)
(m,12 +1)8,—m, gl sin(@s + ) — Flcos(Dy + §) = 7 4.3)
cos(g’b +¢)= cosﬁb Cos ¢ —sin 0, sin ¢ 44
=c0s @, —Psin O, (4.4)
sin(@ + @) = Sil’l~éb COS @+ Cos 0 sin ¢ 45
=sinf + Pcos G, (4.5)
And 91) = ¢
(m,1> + ) g—m, gl sin By — pm, gl co8@p =1 cos O + $Flsin Oy = ¢ (4.6)
(m,I* +1) ;5— ¢m, gl cos 7 + @Flsin Oy = 7+ m,glsin Oy + Fl cos 05 (4.7)
Lig} = D(s) _ . B
(m,I* + I)[SzCD£S) —5¢(0) = #(0)]+ (—m, gl cos O + Flsin 0, )D(s) (4.8)
=7+m,glsin @, + Flcos O,
s*®(s) +(—m, gl cos 2 + Flsin (9;,)d)(s)/(mbl2 +1) 40
= 5¢(0) + $(0) + (z + m, gl sin By + FIcos 8s) [(m,I* + 1) (49)
= (s6(0) + F(0))(m,I* + 1)+ (z +m, gl sin By + FI cos Oy) (4.10)
0.01442
@(S)_ﬁfa”, CA =-5.1~-16.13 (4]1)
A
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%2 MARERESEY o LRERNR R

2 i 4

8, | -30,-20,-10, 0, 10, 20, 30 (deg)
#(0) |-5~5 (deg)
$(0) |-180~180 (deg/sec)
F -0.9m,g~0.9m,g (N)

42 #* 2 EQFT/ H 2 4 B®

2L QFT 3= 2 £ &L ¥ L Bl(Nichols Chart) ik 233 Bk £ T4 B >
TR FONRG F BRKE  FI S AR A i N KT i e Bt 5T @
i3 L 0 6 QFT/H omkzh = 2w g gt v L RLRfRE4E - » L7 &4

wBe BAFIENT 2 B MR Gk g e B R g F Fil Rk Seehiy

H
DB AP EERE R AL AHT T B T &4z 4 4] Plant

EAMYTRER3 L XM A meos apd RF A R R IPM A
@ﬁ,%ﬂgﬂé%@%ﬁﬁ’&%ﬁﬁ%@%%ﬁ’ﬁ%%TI
L. 4% QFT = 28 L 3Lanprid 4 & o 3 5 A R ant 7 i B (upper
and lower bounds) > #* kLT & /2 7F % /& (permitted range) 5 AR &+ A TR
TR R

2. WHHEALE B P B
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“%f
tvmw

e BRI R E R e ER
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4.2.1 P RE

FRHA P I (FERTEER) > §& Ppd] B R de™ 977
% %_pF R (Settling time) 4,

t, < 0.2 sec (4.12)

N

% =~ 42 4% ¥ (Maximum overshoot) M, :

M < 10% (4.13)

422 THEITHR

- BARE s Pk S H A S Bicde N (4.14) %77 0 & 5 FE R v (damping ration)’
w, & %Y p ZRAE F (natural frequengy) > & QFT 2% ¥ » A Sfic i ML
(underdamped) % 5t > T B K Sodic 3 B A (overdamped) 5 SL[17] 0 F P 4295 P 3 AR
Rz PR SR Lo gE AR E g P TR 2 R PR
Bohe R (4.15)5 7 0 & e o, % F B A R@A16)fe(@d.17) 3T HAR IR F B E Y
ol 1 TR Sfcde s (418)7 7 » &, @ 1 L R (416)10(@d.17) > £ %
MR KB E AN REA P ARt BT AT R Sl 5 LD
- RFBEIAGI2)E@I3)NEE AR AP EFN PR sk By e T E R Sk
By A e N (4.19)fr(4.20)4 7 0 @ 5 1 E B A BRI 0 A B
PR A2 T 0 b r B BREN(s + 100)F] T A Sdic? o |- &7
T i F Sk B 4ot (4.21) 577 o 1945(4.19)& (4.21) > ¥ 02 Ad 48 Bl(Bode plot)
ED AR

Y(S) ) 2
T(s)=—t = !
(5) R(s) s*+2%lws+w, (4.14)
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2

(0]
B . (s)= L
U( ) sz+2§a)n2s+a)n2 (4.15)
Mp:exp{\/%j (4.16)
-
e (4.17)
2
[0
B, (s)= =
L( ) S2+2§a)nzs+wnz (4.18)
1514
B —
() = T a6 v 1514 (4.19)
4372
B,(s) = — (4.20)

s° + 46s + 4.372

B (s) _ 437.2
b 0.0001s* +0.02465"+ 1.964s° +54.74s +437.2

(4.21)

423 H A2 RIZHE

TR I RAE T A REEAERSIE L HMEA Y T
AIrdIE > S TR IPMMEAEREFIBER A E 7 RS DT HEN S R
RAAR S % e R AR S T 0 Ho b i 1 RAE[17] Bl > - B p SR ATR 240
F 3 4 1 * £ 5 Be(weighting function)#e M 2 e 240 Y B Bk ALl Ao
B 37 d wilz sz fezz &A% 5 WS~ WoR v WiT o S & & 5T /& & #ic(sensitivity
functions) » Wy = B 23 S 2 € S8 R 5 #5+| & 57 & 0 #ic(control sensitivity
function) » Wy = B T3 R 2 {8 £ & ¥ o A & AT B & #ic(complementary
sensitivity function) > Wy 5 B (23 T 2 € Sk > @ - P I8k D, T & 4r3d

(422)> 5 P AR P WALS 5 F 45 Cy it BH B b AR £ & 7 Dylld ] |S]1
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PR s gl 4 R E o Rl A S

(additive uncertainty) en & & > ||T]| € ¥ = 3] % #c 3k 14 7 /2 T4 (multiplicative

uncertainty)sE £ o A d 3 H o B F iV A 5 - AP B ok AR FiE T
#E Sl £ 048 Matlab > ¥ 2R E DR cnpr ] > A HINEE Sifiche
F P AL 171912 [21] 1% ffre drcnfe 4 1 4 8 B8 Sk

e (411) 0 BB 3 R R CaPT 3 T 5 P 3 (T4 T 5 Py E LWy
Wi 8 Wisdo st (4.23) ~ (4.24)21 (4.25) » & {245 & o250 (1 0% Wy cnB0 25 » F)a
FE A i B AIE o dot(426) 0 AR E Bt B A PR T e
* — fj H et ) (proportional )it A 4] e NI EAL R o T RIRA I E )
BEEAERAIER B AR QFT/He 2k SL7E Hde Bl 38 #77m o vt b
® et | F (proportional gain) > Kp > 2 i #4395 QFT = 23 %> & H it % »

QFT = j #¢ f 2en} T o B 4 "LH LR (235 5 ) o

W,.S
D, =|W,R (4.22)
W, T
- (s+200)
. 423
T 16(s+15.) (+:23)
W, =0 (4.24)
s*+355+35
Wes = 0000 (4.25)

1081576.9062(s3 +60.06s> +373.85 + 609.19)

C = 4.26
n(s) s' +216.45° + 5864357 + 4265785 (4.26)
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W37 R&FACRE2Z H, Bt B3
dl
- Fil Cy > P

d/dt 1

B 38 IPM WAl (72 QFT/H, 474 ¢ %

4.2.4 FERE A BEE

14562 8 63 & > A4 7 A AMB R TR k2 @ R
E L BRFAPRAR AL E N R R B AR RN (R TR
TR2ZVEHATEFIEZ KpE o §FAPRETKpES 120 £ 124548 %0 o0 plant
2 fHe Sl A PR R ks L TR Sl (FLAE R 0 4] 39 HroT o

B39 ¢ g Rl s 1072 10°rad/s - 2715 4 £ P A E F 47 5 0~1.5Hz > #

B A 0~100Hz» B¢ Fd s PR Sl BB B ML TR S

B2 B EBR > o ML FMPRE AR2ZAFB IR BlY Br i RT R 2E
HRFR? o Flt S % 15 SBVE= I TR R R S OF 53 J RN C

Feiadh FF 2R (Step Response) » 4o 40 #7177 » H B s AR T R T r
TR s oo
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Wt R A AN E R B 5 PID A4 E 0 PID &2
FIFERLZIERTEY > BET T HTRAL A 2 S s
(4.27)#777 » 2 ¢ Kp & ¥* 5|3 ¥ (proportional gain) » K; % ## 4 3 & (integral gain)
Kp & #cs 3 & (derivative gain) » @ 324] B AL @ Rpdlw e = 8 g i
e g PID #5240 B > 4o® 41 > PID, 5 PID 4L i A (tilting rate)ix+| % > PID,
= PID #8374 & > #7rF e R LR G - [F 3Hz Ml gk il e
K,fz ook SR B o ok e ZE G M B e i AL i B o

Lig- e o AP * X3 M ke QFT/Ho2#1 B » X REF K5 cPID 1
TR FBE » # A G 4 PR {2 B E T Gt o s 0 TN L2
= 5 i i PID 4340 % 0 REFH BinARBACR 42 477 > BP0 G, S HEER
( gain margin) » @ W, 5 2 Ap ¥ RH 5 3 P, 5 4p =:F B (gain margin) > @ W, 5 H
AR S o L E LT PID, i KpJeKp b d K2 K@ R d PID, 4]
2 s SR A 8 Ho AR R4 B i dl L s gt LR Kpfe Kp o
i 18 PID, ¥r#l2. 5 30t Gy~ Wy~ Py e W, 82 Hoik B Fod4] Bordpdlz b sdpig o
BRis3E PID, 2. %k & WREM PR & 5 G, s Wy~ Py e W, it 5322 250
QFT/H, #rdpdl 2. 5 5e4piT » 3 S 5en G, > Wy~ Pyfe Woded 3 9957 > B s FEi
AR R PR AR Y AT P TERFERAN(RFRD) 0 oW 43 8
PEIRLPER S BB R $ RE T ER S BB PR P RN
= H B PID 474 B ordn ]2 B aw B % SUE S N 0 Bl P BT 2k SL2 R
Fhogfrvier TERFERP(LFRT)-

Bofd Bk - R Rk BATAT O R SL B B eI o 0t s

i
7
=
s
3
e
I

Wit B At B(A80HZ) s B R S A e 4 o RIS P T R M
fide ] 44 4fom o AR 212 PID #2410 % B A B 5 50 (4.28)8(4.29) 0 2t - K
Az i@ {8 PID S 8w roAR kALl ROV 273 R GE 2 K SR U R
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TR A2 Gy~ Wy Pyde Wy 22 QFT/Hodp# | Bordrdl2. kA F 4pig > &
FERRD A2 R R A TR LFEHRERPN > (s H AR ke
TR S R 2 B e 45 7 0 P d ML 4 37 et
QFT/H 424 B ol 2 5 Serlf 5 B - 35 % i e & PID 4] B etz
A SIFBBET £ TR > ¥ 2 QFT/H A4 B2 A 4piT » B2 Jed & &

W H VAL B 4] B 4w pr(A™ order)d 4 BFE = % PID, B 35 5 o

2
PID(s) = K05 ]:PS K, 4.27)
370s* +23055 +15200
PID,(5) = : (4.28)
0.2525% +11.55+0.25
PID, (s) = - (4.29)

— Fil PID, PID, >

| d/dt

Bl 41 55 fEie i PID MEALSS (FHo4] &
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B43 TR sl @ B ik B G e B PID 24 k sz
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0
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2 om0t
=
=
5 -100+
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=
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lig g iy iy
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%3 QFT/H.474] % 5o 5 i g ge g 4 522 G, ~ Wy~ P82 W,

R QFT/H 3 #] B ik i B PID #5741 B
G, 94 (dB) |9.7 (dB)
W, 111.3 (rad/s) | 81.3 (rad/s)
P, 85.3 (deg) | 86.14 (deg)
w, 12.1 (rad/s) | 12.0 (rad/s)

A0
0 Upper 1
i) /
Z A8t
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'% aml PID
=
150
=200 : :
10 iy iy i
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i#kﬁ’gﬁw%g&%%,+@§@&azi§?u¢@¢,ﬁagé

P4 2 s 4 (normal force) 0 & 1€ 5 Rk SRR A 4T
SRR R SRR I L NV ST TR Y SIS
d A E 3047 IPM 2 A T PN P AT EE 2 o it g T HE(d K
T3 dd e FErE S B VARG Y - B FETAL) R0 T

AT ARG sin AT Sty 6 34 0 4o 47 57 0 4 % AR
oL ZEERE > y&E L %”"ﬁiﬁﬁ*‘mlﬁﬂé Bom B REBRE
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i

4
a3
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b R T R R L ESTINTR I Y

Bl 46 IPM i £ B 5 + 4

48



tire

road

52 SRFHEHIFLVRAKE
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sA

my (chassis)egsi & <3 15 B » Fl 42 NP A Xk e p en(fr 2k 38 %) 73 o ik

i

REWAR R B > S RMAE (T (£ 205 Rl T3 B TR A

Bk o iE- o d b FRER AL AR

M-

B F g R (F A ¢ i

?§

LG RO H - R St P A et B o

5.2.1 5 W& e B PIDE= 4] B2 QFT/HL 324 B2 1 &

P Bt B Gk B B PID 40 k s QFT/HL A4 5 St oAl & £ 2
¥ 5 iE | (tracking robustness) > B 48 Bt R 2ME LT 0 T IF FER G

13m/s 2. & [FRIFEDE S » 2 d AL R p APRF ARG 2 EAEL B

§OAES 45 G B B PID d7 ] Borgrdl 2 ALE 17 0 B M & QFT/H dr 4] B
gl 2 B 49 BIBA AR A AL T v PR A A S 13m/s

20 FRIFL % B S0 BT v R FE R ER G T 3E(470.02m, L=0.4m)=
BEIRSIET AR XFAS L THREIBMAE L F 7REEGER G F 3 (4=0.02m,
L=02m)2 %% 5 B ST A7 ax 2 WA G L THIT 13m/s 20 7R EE

1 (4=0.02m, L=0.4m)2_ & % -

T BAE T 0 % i BE PID #n4) k sigr QFT/H 3o #) i S 054 & £ 2 4
PR JEF VR AR A8 & 49 ¢ chfxd > HER T R 2 A S L APROTI R
DA ST LR ol enfz d A A LR TR AL HAS TR 2 4E
MAFVE AT i 4 FO] > BB S5 Kidane FA[1]2F g 2540k 0 5 foit
Poigd BB TR AR B [2](2 R 3.4.1 &)

2OV EC - B b it PID 4] BALKGE D 0 Bk A S dicdest (5.0)
BT RSB A 2HAML T BRG TR BHNGFER Bm/s 2 d

¢ #

TR 2 ML R AP KL A S L TR

<

‘mﬁ

i g B PID 4] B 42

£ #5 {7
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L=04m)> AR FFER 13m/s 2 & (7RI 0 L FIRA L - B E PID 24187 1
AN L L ERE T U R TR S RISt

b4

i s PID £04) B 27 QFT/H. 304 BARH - g4 Ba 2 0 i 8 4 Ayt if

o

A& L s B hiER e R

2
PID,(s) = 33.7s” +521.9s5+112.2

(5.1)

035 +9.35+2
s

PID, (s) = (5.2)
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: !
S
p—
2 0
) K
(e
< 02t 7
on
8
= 04r 7
N
—— command
OB T
—— robust PID
08 | | ] | | | 1 |
1] 3 4 ] g 7 8 g 10 1
time (sec)
DB T T T T T T T
8.0 m/s
0BF g
04rF B
~
(e
S
ho
<
—
p—
2
h)
(e
<
on
g
= 04 7
=
—— command
DB 7
—— robust PID
as | | | | | 1 |
1] 2 3 il ] B 7 g
time (sec)

¥ T RR R G+ 3E(4=0.02m, L=0.2m)z #E AL #s (F(38 ik e B PID 0 %

>MAE L 5 6.0m/s ¥ 8.0m/s)
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0.

10.0 m/s
06k 7
_ 5
(e
S
.2 |
<
N
2
a0
(e
g ]
a0
=
= i
=
—— command
aGF 7
robust PID
08 : ! ' : .
0 1 2 3 4 B 7 g
time (sec)
DB T T T T T
12.0 m/s
06k 7
04k 7
=
S
'-O D2 B 7
<
—
p—
2 0
2
< n2t 7
o)
=
= 04 7
i
command
06 4
robust PID
08 : ! ' : .
0 1 2 3 4 B 7 g
time (sec)
b T RIRR SR B T #(4=0.02m, L=0.2m)2 A # (F(p i FR i PID > =
WA &L 5 10.0m/s £ 12.0m/s)
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EIB T T T T T T T T T T
6.0 m/s
0B F -
04r .
~
<
S
= 02r -
= \
—
p—
2 0
e1))]
< \.
< 02k |
o))
5=
= a4k J
=
—— command
L6+ =
—— robust PID
_DB | | 1 | | | 1 | | |
0 1 2 3 4 g B 7 g 9 10 1
time (sec)
DB T T T T T T T T
8.0 m/s
0BF -
04F i
= i
.S
d= J
[a]
—
p—
2
2
v} !
o))
=
= oat i
=8
command
0Bk .
robust PID
_DB 1 | | | | 1 | |
0 1 2 3 4 5 B 7 g 9

time (sec)

Bl 57 o 7Rl 6 T 4 (4=0.02m, L=0.4m)2 AL i (5 it e i PID » %
AL 0 6.0m/s & 8.0m/s)
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0a T T T T T

10.0 m/s
06+ .
~ )
(e
S
d= i
<
S
p—
2L
o1))]
<
< J
a0
(e
= i
=
command
OBk -
robust PID
_DB | | 1 | | | 1
1] 1 2 3 4 g B 7 g
time (sec)
DB T T T T T T T
12.0 m/s
06+ _
04F -
=
S
5 02t .
<
—
p—
2 1]
2
S g3t i
)
i=
= 04f i
~
command
06k -
robust PID
_DB | | 1 | | | 1
1] 1 2 3 4 g B 7 g
time (sec)

Bl 58 o (7 iRIZE S EL & =+ 4B (4=0.02m, L=0.4m)2 AL i¥(3% i i B5 PID - %
A &L 5 10.0m/s 22 12.0m/s)
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06+ 1
04t ]
~
(e
S
_g 02t 1
& '\_
2 1]
al) .S
<
S 2k 4
o)
=
= 04t .
~—
—— command
ek 4
—— robust PID
_DB | 1 | | 1 | | | 1
0 1 2 3 4 5 B 7 8 g 10 11
time (sec)
DB T T T T T T T T
8.0 m/s
06+ ]
04t 4
=
S
3= ]
<
—
p—
O VY
2
< ]
al)
=
= 04f 1
i
command
a6+ i
robust PID
_DB | | 1 | | | | 1
0 1 2 3 4 5 B 7 8 g
time (sec)
¥ (7RISR G T 3 (4=0.02m, L=0.2m)2. ¢ AL & (T35 iE EEit g PID 0 7
>2MA S L > 6.0m/s 22 8.0m/s)
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04 T T T T T

10.0 m/s
0BF 7]
04F T
~
(e
S
5 o
<
S
p—
2
on
(e
< i
)
(e
= i
=
—— command
0Bk "
robust PID
_DB | 1 | | | 1 |
1] 1 2 3 4 5 B 7 a
time (sec)
DB T T T T T T T
12.0 m/s
0BF 7]
0.4 &
~
(e
S
—o D? T
<
—
p—
2 1]
h)
(e
< 02 -
on
g
= 04 -
=
—— command
DB -
robust PID
_DB | 1 | | | 1 |
1] 1 2 3 il 5 ) 7 g

time (sec)

B 60 o 7RlFRER G F#(4=0.02m, L=0.2m)2 A& & (T i i PID > 7
= >MEA L > 10.0m/s & 12.0m/s)
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DB T T T T T T T T T T
6.0 m/s
0BF g
04F 7
=
o
,.g 02F 7
= AN
2 0
2 %
< pof T
)
=
~ a4} 7
=
—— command
06+ 4
—— robust PID
08 : : : ' ' : ' : : '
0 1 2 3 4 5 g 7 g g 10 11
time (sec)
DB T T T T T T T T
8.0 m/s
0BF 7
04rF B
=
S
= Z
<
$—(
p—
2
on
<
= J
)
(e
. p—
= 04t g
~—
command
0B i
robust PID
s | | | 1 | 1 1 L
0 1 2 3 4 ] ] 7 g 9

time (sec)

Bl 61 & ([FRIRSE G F #(4=0.02m, L=0.4m)2 ¥ & & (T (5 i i 52 PID 5 7
Z A E L 5 6.0m/s & 8.0m/s)
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tilting angle (radian)

tilting angle (radian)

0a T T T T T

10.0 m/s
06+
—— command
OFF
robust PID
_DB | | 1 | | | 1
1] 1 2 3 4 g B 7
time (sec)
DB T T T T T T T
12.0 m/s
06+
command
L6F
robust PID
_DB | | 1 | | | 1
1] 1 2 3 4 g B 7
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AP s A B - d K AL IR AR R A Pk 3 0 R BT R
Kp AR Y 2 TR E SRR T E A s WHEPR -

2 y 7 v s 2, ! > 'z - ’L d
AP BER N, - RIMBET AR S A ARBE B - )R PE R SRR

order system) - #\ ik H & 7 PF [ (settling time) % 2ms > B < AZA%F /| 3T 3% >
PHIEB o AR AN@) BFLR AALATR2ERIEEASL T

WAL 13ms BELFEG FHEY TR B 63 KT E 75E 4-0.02mm
2 [=04m 2 i FAEAyRR o B s MR A R p A e n st anpr ] Kk 2 A

40 B RPIG ARG 2 AR T B 64 T a2 2 2HAE

477.

TOAGHEEG FH W FRIEE 65 BT x> A S L T i 4=0.02mm
2 [=02m B F P2 ¥ 7R Bl O6RET b 2 A A L T 5 5iE 4=0.02mm
B [=04m B 42 ¥ (7AW 67 B bk % 2 AL & £ T i 4=0.02mm
2 [=02m e 2 ¥ 7R R O8 B A % 2 A S L T 56 4=0.02mm

B [=0.4m B F 32 b (7Rl o

SRR LR NSRBGS0 A ) T BT 5 i i B PID
A TRd B fla il R EP R 7 B AR T2 g3 3 &
jQE] "5/\ /‘ l',;Lu_L %ﬁ":%& % o
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- 13.0 m/s
006}
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%
S omp
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) 0 J"'lﬂnf‘.ﬁhn.“.m’lﬂH.".m‘mH.’U‘.J’thh."..".M‘uﬁ.“.Hﬂhn.ﬁhﬂﬂﬁ.ﬁﬁﬂﬂn.ﬁnnnlmu
—_— T T T ey Ty TV T Iy e
)
g omf
)
S D04t
~
o p—
= o6
command
008t
robust PID
0.1 | 1 | 1 | 1 1
0 05 1 15 2 25 3 35 4
time (sec)
B 63 ® iTEEG FFA=0.02m, L=0:4m)2_ HE A iT(F P 7
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—— command
robust PID
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time (sec)
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command
robust PID
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=
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02

0.4

tilting angle (radian)

0k

08
0

0.4

[}
o

]
=

—_
(]

02

tilting angle (radian)

0.4

0k

08
0

13.0 m/s

command
robust PID
2 3 4 5 B 7
time (sec)
v TRRRSR T %E(AZO.O2m, L=02m)z_ 1§ &L & ﬁ'("y” 5 N SR 2
Al S)
13.0 m/s
—— command
robust PID
2 3 4 5 B 7
time (sec)
v TRRRSR G T %(A=0.02m, L=0.4m)z_ ¥ &L & T’F(*“; 5 N SR 2

A G )
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0.4 |

tilting angle (radian)

13.0 m/s

tilting angle (radian)

—— command
—— robust PID
_DB | | | 1 |
0 1 3 4 5 B 7
time (sec)
v TRRRSR T %(A=0.02m, L=02m)z_ 1§ &L & T/F(“; o N SR22
T MEE R L)
DB T T T T T
13.0 m/s
command
robust PID
_DB | | | | 1 |
0 1 2 3 4 5 B 7
time (sec)
W TR EE G F 3B (4=0.02m, L=0.4m)2_ PEAL iT(F g P NP

2RSS
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6.1 R%

.

AP oo gd % QFT/HLZ% » &
frizit PID MALS: feqn ] F > 0 - HAIF5d - = %2 IPM Lo 54k sl

A H M o b — B E A Eﬂﬁié%éi’ﬁﬁﬁﬁﬁ&%%ﬁ%ﬁ
&

Kodg- b o - BANRE Y BF B FRR R EF E B -
BAFARE Y A BRI T AN T H BB AR AR LR EFRR
PID | BAET 27 & FFss it - T avdsdef 3 -

Kehv® o - P 0T G AR A S fte ARALE D 2 - R P
PR IE R LNt 14 A T AR KB B BB R (G5 B 0 gk

PORFIPM T M F B (NTV)2 B2ei8 (7 5 48 % Sh i & 18 3|53

6.2.2 IPM NTV2 % T 5 % 8 #7

A

A2 P D IPMFMEF D Gd g enf it I SR k22 Hiw
T G (roll plane)ti-d] » - AT 0 KA 4T- LHFRE D Z LR

A
SR - BEAE T KR BAEE LR ENE TS

A
;]
~z)
W

B iED FORIESEFA A BRI FAE W T OH 8 Rk S O T 2 sk
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BE(ES 2P D R RS B2 G B R -

6.2.3 354 IPMNTVZ ¥ & 4 §

—HECZ A BLERRRIES - BARLRIBZ NG TV ITE EAF
RAECERRE YRR wm*évﬁ?ﬁ%ﬁ%ﬁﬁﬂﬁ%wéﬁ’?uw%W
BT - DR TR R B 1 2 RRCAY ) B F e A PR RS &
HEA - BLT Y ARSI HRATRE (G EY - 2 F) o

6.2.4 IPM NTV A & (T8 3] 2 f§ L 22 s i

Ao Y o 15 IPM Ew T MG B S o 05 IPM MALSs (0] )
Ao EE - A TR S E S P R AR T

o pfRenARE T B R PRI BRI E L &
%/\ QFT/ ] fﬁ Kﬁ;lﬁﬁ qé‘ lé:%ﬂ :-_—- PID f’E,%’-ﬁ‘) T%K#"[%L'&;J‘(ﬂ Hoof’:

VA kSRR ) -
6.2.5 IPM NTVZ 5 it i B PID M AL & 43 B

A SR - 1% QFT/HLIZH R 3+ 2 5 ik fhie B PID AL 6 feiy
B - BT H L RPN DT KA E R TS %
BB TRk R T RGBT
=

it (R 523 &) .

Ix%e

3 'r—' 4\(9452*1“)\

P
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6.3 HAREF2LEHK

-

A ? o1 QFT/HLIZH » 33— P L IPM MEAL S (£ ] § 5 (R
ARG FERT AL L VTR E P B - ¢ %z IPM

SRR K SHCRIrERE 0 @t IPM S MECRIBIR Y B R B 0 FRES RO RER L
TR R FR - BRI T AR TR Bl K H AR T

=

(1) 4% g+ 5 88 % oA A 45 € 5 IPM 02 SR B o

Q) AIPMF 2 > FHp AHZe Y iz e PID 4% -

() f1* 2 Fenfp 4 A E 3 IPM AL (B3] % > R Bl R Y SR

(4 T &2 e K dl B o s A e Tindl Kt 2 {aiks IPM
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‘ﬁ'ﬁ?"‘

Bl 7482 e
Oy BRELE B G4 E w2 d ko
0., B #5 ¢t 17 & (camber angle) o
M, P TS o
M BRI o
M, PR R o
my, REFTE -
m BEREE o
myp EREFE -
t = &z — #iE(wheel track) o
hy M, 3 ¢ 3% £ 5 (revolute joint).J 2. JE&E -
he M, 3 %3 FeEp J 2 FEHE -
h, #F T 7T #o (wheel center) 3 ++ & 2. F B o
/. FLIETHReIRPJZRR -
Xm M3+ HRIR2 X 2 b Y
Vi MZ BRIy 5w JEHE o
a 1945 2.2 & BR 2 BRI iR B o
g CARIRA R S
Foi, Fy» % A Pl et o
Fup, Fro T s RlEm Rl 4 oo

FAD-(ALD)T Sd 4 B 47
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m=m,+m,

m,:m, =e:f, e+ f=1 e>0, f>0

x, =[e(h,sin@ +t+hsin6)+ f(h, sinl, +t)]/(e+ f)

y =le((h -h )cos@ +h cosb )+ f((h -h )cosO +h)]/(e+ [f)
Zszo, F,+F,=ma,

ZFy =0, F,+F,=mg

ma,y, +2F t=mgx, , a, =(mgx, -2F t)/ my,
If rollover just happened, F, =0, then
(a,/g) =x,/¥,

whole-car-tilt
=le(h,sin@ +t+h,sin6,)+ f(h, sinG,+t)]
le((h, -h, )cosO, +h, cos@,)+ f((h, -h,)cosO +h)]

(al /g )ha[f-car-tilt,@w:O =le(z+ hb sin 9”) + 1]
le(h,, -h,, +h,cos6)+ f(h, -h, +h)]
=t/le(h, -h,, +h)+ f(h,-h,+h)]

(al /g)non—tilting, 0,=0, 6,=0

If tilts to the left side, 0< 0 <1/2m and 0< 6, <1/27 . Then,

(al / g )whole-car-tilt > (al / g )half-car-tilt, 6,,=0 > (a, / g )non-tilting, 6,,=0, 6,=0
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(A.4)
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wBI10Y o A FEELY hilcF L TS

1

2

10
11

IV ES

mp;

npy

np3

Mpy

nps

Kk

a1 R (front fork)

i

P

B 10 ¥ %2 7(Body 7)
%]10“1%2‘31\?]0

>

UEEE RN & S

TR g 2 e ff

\“‘kﬂ

Riks ZRBBE TH o

B 10 ¢ %86 -
B 10 ¢ %8 8 -
B 10 ¢ %8 9
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by 2, Al
7 4R 1;\, o
Zo 35

E

[

e

Z_ %8 %% (body index)
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FICET T S



Mpg

myz

MmMps

%3

1. J] ‘JQ‘J3 ‘J4‘J5‘J6‘J7‘J8‘J9‘J1()‘ff"]11 Léb f; *%—EF"(_]OII’H) ° #%—EE??@_&‘?(JOII’H type) N

$ 49557 o

B 10 ¢ 4 5-

B 107 §8 4

Bl 10 @ 48 [ 4 2 2. 3 o
TRERRR A fEEF B R o
+ Rl RE kAo

RIERE B kS o
TSt B0 s HEEF B R .
PlEmdm s 4 53] -

Rlimm s 4 3 -

\if%q*%/:\W[?;X%ré"‘ °

o e - 4t

hd

\if%q’f’r”\Wg—LX""?”; °

'+

o (T* A W20 X Bt
mpy; B my, 2 B enjp #5088 5hds & (Relative revolute driving

constraint) > * ™ % B ;ﬁ a4l $s (T o

£ & = #2¥c(number of constraint equations)frH i 4% 2_ %8 (connecting bodies)4r

o4 BE > REAE > R0 fecfrd @R W

- o e it RN Higzz 1
e FHEpAEAE 43 fedic (bods-i, bodv-i]
Ji r 2 (M1, mp>]
Js r 2 (M1, Mp4]
Js r 2 [mp1, Mps]
J1 r-t 1 [, my3]
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Js r 2 (113, M)
Js r 2 (153, Mips]
J7 I-1 1 [Mp4, Mps]
Js -1 1 [Mp4, Mps]
Jo I-1 1 (M6, Mp7]
J10 -1 1 (M6, Mp7]
Ji1 t 2 [, Mps]

& 3L 1, revolute joints; t, transitional joints; r-r, revolute-revolute composite joints,
r-t, revolute-translational composite joints (& ¥4 5f 2. 45 1t 55 L 'ipd = 22 [15])
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s

BI127 5P 548 5 bz R T Ko™ @
xy coord. B e S B A 4 (global coordinate) ©
&mn; coord. % body i ¥ %8 7 T #(Body-fixed coordinate) - H &, A b
(Emiaxes) m B 5 O, °
¥ Emi B ¥ FE 8 A 42 > v & (Orientation angle) ©
vector r; 2L 0, ¥R xy Atk (coordinate system)z. i+ % w & > 4o38 (C.1)°
P B G X By e
P; tbodyi ¥ i B fexy ARk P HEE O 0w £ G oS,
Pt Sy et 5 a5 &, iy
Sip’ Sip 8 F T s 5 40N (C2) ) F] 5 Pt bodyi P E - H

w8 s, AR - AR P A T U
PR A
Fip Pt athig - B AR A x, oy, T AU (C3)(CH)

e¥ 1 i8] — g 4B (transformation matrix) A;4e 3 (C.5) %7

— : A2 B e (CO“T > @ B ¢ s, T 1 5 (CT)E
Jr o,

Y 4\ EL
o Sip AT Sipy ® Sip B o

. Penig BV oA $8(Co)pes A R 0 do(CR) T o
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’ T
Sip I[Cf,-,p 771-,,7}

X, =X +¢g cos¥, —n sn¥,

Vip =Y, t¢ ,sm¥ +n cos?,

A= cos?, —sin?,
| sin®,  cos?,

T )
. T . e ,
ri,p - I:xi,p y',p:| = +Si,p = +SUiBisi,p

1

=
I

—sin¥, —cos E’ﬁ}

cos?, —sinY,

80

(C.1)

(C.2)
(C.3)

(C.4)

(C.5)

(C.6)

(C.7)

(C.8)

(C.9)



FOO AR E BT ORET A P T 2 R e (& Af

10 ¥ g B X & (relative revolute driving constraint)

AP FR e ) L AR R U s BRIRE 0 g S d Benivd T g
A4tk REH B 69977 B LR EBR(P-P)EE - BEF Sdkce g
HGRDALeN(C10) > agd HENCI2) FHEHF 4tk B2 240 (p) 5
¢ »m B X &> 22 Jocabian matrix ¥ 5 d ¥ H S Rz AW AEEE v £ R
Wopkes D Fw g [15] e A2 ¢ TR EREFH DT IR {1
TR Oy RPHRE B F DA EE > d v SR RS A SRR B AL > x T

HEG BRI H 9 L iE 9 (constraint violation):® & ¢ $2 5 FIER o

Revolute joint

Body j

Bl 69 ip ¥ mRd N kT &R

=¥ -¥ —-c =0 (C.10)
D=¥-¥—-c =0 (C.11)
D=¥-¥—-c =0 (C.12)
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r (revolute) joint *&i& & 5f

4o 70 #75% > bodyi ¥ bodyj ¥ ¥ A W35 1 BEP; ¥R P b B R]Y P B
T F]p PR bodyi ¥ F TR X B2 bodyj K8 T TRk At it 0 A B RY
B i Eqpk e w3 E N N(C.13) 0 # 5 & 3 422 Jocabian matrix £ iF

B i R AL ()R SRB A2 8 SRR e (15]

Bl 70- ik 55 7 R B

® x,+¢&, ,co8¥ —n, sin¥ —x =& c0s¥, +1, sin‘}’]} {()

yi‘l‘é,p sin¥, +17, COSﬁUi—yj—gj’p siny/j_,]j’p COSEUj 0:| (C.13)

t (revolute) joint T #% 3%-5¢

T f5 4R ER o 4o 71 4P 0 7 04 o body (22 body j ¥ A B4 1A (B BE P22 P

E=!)

TR RS eEd V Abodyi Y35 - BB R E PE- 2w E n Xik
By > AaENCI4) TP AP APHERANEZT R FNC16) Py E
bodyi 2z 445> % & > Wy & bodyji 4> w & > 57 3 i KfFdbodyi t 45 ¥
“BRQEPE-ew RS (TEdTE) E A EpipRieEF
FIFN(CAT7) B#Ea #FRH 943 f24038(C.18) » H %) & 3 422 Jocabian matrix
BEHF R RLE(F RSS2 E S S ED o e
[15] -
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B 71 THEFET R B

n'd=0 (C.14)
X, —X, X, —X

m=| 0L d=p T (C.15)
yi,p Vi yj,p_yi,p

(¥ =)~y ~F,0) =0 (C.16)
Xip % Xip =Xy Vi, = Viy)

s, =| | =] . . q (C.17)
yi,p _yi,q yi,p _yi,r xl-’p _‘xi,q

(C.18)

b — (xi,p _xi,q)(yj,p _yi,p)_(yi,p _yi,q)(xj,p _xi,p _ |:0j|
(Ti_ﬁyj)_(%O_Tjo) 0

r-r (revolute-revolute) joint *f&- B/ F
Yo T2 4 0 -T2 Ak 5 tbodyi b PBR# e body) b P Bhz
BRGS0 Fpt ¥ F5N(C19) > H G4 2 422 Jocabian matrix £2 38 & § 4v i

B> AEwA () Ripiraoad 9 2 E o i e L15] .

q):(xi,p_xj,p)2+(yi,p_yj,p)2_lz :O (Clg)
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72 - B of 7

r-t (revolute-translational) joint *Z5&--L # R EF
4o 73 At 0 EEE-T R ORE AT HEBE B G B 4S5 48 engp
Hiagz Gh » FIpt v FN(C23)» B 9 &> 422 Jocabian matrix £2 38§ & 4o i

B2 AR I (p) e e spds ) A2 e s M D ey [15]

T T
n;d=0,s'n, =0 (C.20)
X, =X X, =X,
yj,p yj,r yi,p yj,p
Y TN XX | W, Y)
= )0 = T = T (C.22)
Yiw " Via Yip = Vir jp " Yiag
O = (xj,p X )(yi,p _yj,p) a (y.i,p ~Vig )(xi,p _x.i,p) =0 (C.23)
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Fiys d BE (5% & bodyj et o
Fjya d FER % 4 bodyj et o
Vie BCi¥ty e £ o
C, Fe R % #ii(Damping coefficient) o
K, 8% ¥ #c(Spring constant)
l, P, ¢ Cp.tnR 45 EERE ¢
rej 2L C; 4 s> B4 4 #5-(global coordinate)2. =% & & » 7 | * 3
(D.4) &8 -
Sjic CHE* O b FEMAEE2 w8 > 7 {17% 5$(D.5)K7F -
B
Lo 4e@ll4 > 3837 BROHE i » £ 2y~ 27 4550 30
¥ e R4 wd 3(D.1)g(D.2)E 0
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86



If F, ,<0,F, ,F, and N, are zero,

J>ys Jy?
else
Fj,y = Fj,ys +Fj,yd; (ifFj,yd <O’ Fj,yd :0) (D.3)
ij,x = F;j,x;
T
F; = |:xj,p ycj:l (D.4)
T
Sje =V —1; = [Sj,px (v, —yj)] (D.5)
If a= [ax ay]T , then a= [-ay ax] (D.6)
— T
N, =s.|F. F,] (D.7)
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k,, =k k, [(k, +k, cost)) F.D)
kr,v - krktr /(ktr + kr COS Hb) (Fz)

ksl,v - kslktsl /(ktsl + ksl COS Hsl) (F3)
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rov o Vs Visr e

+k_ cosb. )

F=F,siny, —F cosy, sinf, +F  cosy, cost,
=k, (4z+1y)/(cosy , cos b))

F,=F_ siny, —F cosy, sinf, +F, cosy, coso,
= kr,v[AZ - (lob + lc )W]/(COS l//r cos 91))

F'3 - _F;csl sin esl + Fysl COS esl

=k, (Az—1Ly —wAp/2)/cosb,

F,=-F,sin0_ +F, cos,

Xsr

=k, (Az—1Ly +wAp/2)/cosO,

ST,V

ZF)’ :may
F,+F, +F +F, —ma, =0

ysl ysr

Z:MZ’O2 =0, then
[-(F, +F,+F,+F,)tang, —ma, ldz

sl ysr
+[-ma l  sin é?m +ma l ~cos@ 1Ap

¥y mo
+[(Fyf+Fyr +F ,+F )ho sin g,

ysl ysr
+(F ,—F, )w/2]+ma_h cos0,

ysl ysr ¢
+mal,, cos@, +mal, sin6 =0

ZMx,OZ = 0

ma_Az+mal, w+(mal, sin0, )Ap

zZ mo

+[—laFyf +(, +lc)Fy,, +1 (FyS, +F )]

ysr
+[-ma_h, cos@, —ma_l cosO 1=0

F,=F,ma_/(ma,)=F,a la,

szr = F;/raz /ay
Fzsl = yslaz /ay
F;sr = F;/sraz /ay

F,=Fma /(ma)=F,a /a,
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F,=F,./a, (F.17)

yrx
F,=F,a/la, (F.18)
F,=F,ala, (F.19)
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