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3 DOF Vehicle Dynamics and Robust Controller Design for

the Lane Following Maneuvers via [l-synthesis

Cha Jang-Young

Depdritment of Mechdanical Engineering,

Graduate School of Korea Maritime University

Abstract

Many articles have been published about a two—degree of freedom (DOF)
model that includes the lateral and yaw motions for controller synthesis in
intelligent transport system (ITS) applications. In this paper, a 3 DOF linear
model that includes the roll motion is developed to design a robust steering
controller for lane following maneuvers using g —synthesis. This linear
perturbed system includes a set of parametric uncertainties in cornering
stiffenss and unmodelled dynamics in steering actuators. The state—space
model with parameteric uncertainties is represented in linear fractional
transformation (LFT) form. Design purpose can be obtained by properly
choosing the frequency dependent weighting functions.

The objective of this study is to keep the tracking error and steering input

iii



energy small in the presence of variations of the cornering stiffness
coefficients. Furthermore, good ride quality has to be achieved against these
uncertainties. Frequency-domain analyses and time-domain numerical
simulations are carried out in order to evaluate these performance
specifications of a given vehicle system. Finally, the simulation results
indicate that the proposed robust controller achieves good performance over

a wide range of uncertainty for the given maneuvers.
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Fig. 2.1 The vehicle model for lane following
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ﬁ‘: Azz}gé + A23We + (A24 - V)'/‘g% + A25¢ + A26§

(2.65)
+B215f +B,0, +Byp,
uebd, AA 9444 y=Cx+ Du
]
vl [to 400 ofg) [0 0 0]
& _ 0 4, A, A,-V A5 A, |V, + B, B, By é;f (2.66)
| 00 0 1 0 0| 0 r
&l 1o 0o o 0 0 1 )¢ 0 .
o714
1 0 I 0 0 0 0 0 0
C= 0 A22 A23 A24 V A25 A26 D= Bz1 Bzz B23 (2.67)
0 O 0 1 0 0 0 0
0 0 0 0 0 1 0 0
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3.1 H, Aojet Z&A Aoje] 7

2 ol g "Hrh ZEe Aouide] 54 AEs vehla A 27

W] o= B4 mde] At Aol FEAE AA AsHNE FET

AAefol A o] g0 std 3, Al

=

=l
T T hde E=Siske] AR Aol H, Aol o]&oltt[14]1-[15]. HIF
H_ Aol o]&o] 293 el S 4A4S 13 & AAAT 48] v= F

D= FAE AAdsty] Yl FF3F Eo] X (Structured Singular Value)ol 7]

o

sk Alo] ®Hoel py Ao} o]Eo R AtH ATt

3.2 H. =<Norm)

H, >=%<& Re(s)>0 3 dHolA s Aoln FAlel FAQ AEds

o

G(s)ol dhsl A8 2oz gFojH).

G| = sup E(G(s)):sugﬁ(G( j)) (3.1)

Re(s)>0

2 B.DEYE H, =% A9 A719 FAdgteld. webA, 7drs
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Z7}3 7}E 7P (Weighted Sensitivity), =3 775 (Mixed Sensitivity) S o] &
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a,=a(l+rA) (3.5)

o714, @& AetvlE e Bagkoln, At Al<1e wEa: Qe Ans

(Real Scalar)oltt. -, r, 2 vt 2o

ra = (amax - amin )/(amax + amin)

Fig. 3.1 Plant uncertainty with additive perturbation
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(3.6)

A <t

G, =G +WA,

2) A7 E&24A4 (Multiplicative Uncertainty)

Fig. 3.2 Plant uncertainty with input multiplicative perturbation
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G,(s)= o1 i (3.8)
Co+ Z 6.C;
P

k
Ao+ .64, ‘ B+ 6B,
1714, 4y, 4, € R™, B,,B,e R"™, C,,C,
Aol A& 71A9 BE A4,,B,,C,,D,°l FAED G(s)E FAH5H, 2FHA
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Fig. 3.3 LFT representation of state—space uncertainties
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sl 4] (3.9)¢h 2.
G,(s)=F,(M,(1/5)I) (3.9)

o17]1A,

A0+Zk:§[A,. BO+Zk:§iBi
M, = i n (3.10)
Co+>.6,C, Dy+Y. 6D,
i=1 i=1

oltt, ], WA Mo A A, =diag(6,1,8,1,K ,5,1)o #g Agr4
Ashs 7 ot vk AhEE Haxde T B5or APRFwEs 7
371 flstel, RE Qo #ate] ¢, & A (31D FH AF(Rank)Ehar ok

2™, A (31D FHL Folx] &l ofsf 4 (3.12)¢F o] Holx

At
4 B.]
i i c R(n+n},)><(n+n”) (311)
_Ci Di_
4 B [E
CT =T e H] (3.12)
C D] |F,
@, E,e R™ | FeR"™ G eR™ H,e R"% ot} uweld, B8449S

et FE2 4 (3.13)s o] #rh

5{‘4" 5 } = {2’}[&}1% Ie, u] (3.13)
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y y 644474448 647438
64748 64748 51 G' HF
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e p|TlFEAF © MM

gejuw, gerde gtefe] Fdeh A AlAE2 A (3.14)¢8F el A
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Y ¢ Dy, F A F

z, |=|G, H 0 A 0 |w (3.15)
M M M MO M|M

z,| |G, H, 0 A 0 |w,|

BHago] EASE BE AP AWS Fig 349 go] dwrsoz veha

W, FdAfolES AEstrlol F&e T2l dHA Ut Fig. 3.49]
=
=
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Fig. 3.4 General control configuration with model uncertainty

& 2= 8 (Upper LFT)o] it}
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Fz(PaK)::Pn +P12K([—P22K)_1P21

(3.16)
Upper LFT
F (NA)=N, +N,AI-N,A)"'N, (3.17)
7], 7+ FEL FAAsto] M HFI AUS A E Ao pgwT

3.6 H, A7) AA %Y

Fig. 3.5914 H_ #Z A o] %A (Optimal Control Problem)T 4] (3.18)& #H4&
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Fig. 3.5 General control configuration
|F,(P,K)|. = max&(F,(P,K ) jw)) (3.18)
g, AEH WA H_ AMAIEAES E7] ojele ®uk ot 7% B

Qo] atkx] X ¥l 23y, & A A o] EA(Suboptimal Control Problem)

g sAHom oy 47 Wl H_ AAA EAE ZAAANEAS W
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A oM AT F Qdvh y.. & BE FsE Aoyl K o #
W H_ FHAAARAE Y>> Yo 22 TRy
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W Dy (3.20)

Adutet A2zwl pol W@ AA 2ol WEE Uk, 4 3.19)¢ BE}E oy
g Alel7) Kb EAS] AsiME dhgel ves F A9 Riceat B9

7} EA) & oF gkt
X202 2 (3.2D¢ W5 Riccati Wg21¢] 3folt.

ATX_+X_A+CIC,+X_(y?BB =B,BY)X_ =0 (3.21)

@, Re(4|4+(y?BB! —=B,B!)X_|)<0, Vielth
Y 202 2 (3.22)9] th4= Riccati #A322] sfo]t}.

AY, +Y. A" + BB +Y_(y>CTC, - CIC, ). =0 (3.22)

@, Re(4|4+v. (y2crc, -clc,))<0, Vi

aElar, 2 (3.21)¢F (3.22)2 2] (3.22)S gH=sof 3}

p(X Y. )<y’ (3.23)

21 (3.21), (3.22), (3.23)9] Ao 2RE RE A Aoy K= TS 7o

e EL=y
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K=F(K,0) (3.24)

o] 7] A,

8

A |-Z.L. Z.B,
K (s)=| F, 0 1 (3.25)
~c,| 1 0

4 (3.25)9] K, (s) Fde] 7 axe vga gk
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M)= (3.27)
4 (M) min{():A € A, det(/ — MA) = 0}

7] A,

A ={diag(8,1,, K .8,1,0. K A, K.A,):5,€CA,eC”™} (328

rl»
[-MA S 50|12 ah= AeA7t 912 be g, (M)=0= Aot

723} SolA pdl= og 7HA 5450 AvH20]. 1 FollA g -synthesis
oA AHEE FAX(Bound)ell #3F dAS dolR V= o
Aot 2ol e Fuete] A4 U 9 J¥dS U Bl gostar, DA=AD &

wEete 3y Do 1S Deta Aodsprlz v a, uv 0o e

Fl

EA4e ze
max p(UM) < 4, (M) < inf a(pmp™) (3.29)

2] (3.29)9] &A= @ u st 2AT p(UM) & o2l Mol =4 HAdghe 74
71 well, %3k Solx wol v sAl(Lower Bound)Whs FA ek &4,
FA(Upper Bound)i= 7l w9k AA34A] &A%k A <ol 37 o]ate] E=o
EAEA poF B o] Fold #e AAEd T2 Doyled =S FFdHI

w181,

3.8 Ao} mdle] 7ol AT AT 3|y
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3.8.1 72 <kA A (Robust Stability)

o mEEMel yel 7}
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A P oleka Fhg e,

ke
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2] (3.28)3
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Agh 22 =577 RE 7P A3.30)7
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(3.30)

eAVs, e C,

M@A)=7( e RH:A(s,)

Fig. 3.6 Robust stability of system with uncertainty
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A 0 92%P2
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Fig. 3.7 Robust performance of system with uncertainty
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1 @ACK 27D :
LA" D(s)el w8l v5d 22 H, Af7lE AA%

min, [DN(K)D™|_

N ol digtel 7 FasdA G(DND ™ (jw) & Hzs A7)=

5ol g WA AsEc. 5 [DND| <1 el

H_ w50l o o4 HobA 28 uri A%arh

45



Al 4 A7 AA

4.1 Aoy7lel AL 2 2do| AA

N
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M, | 900 kgl | 1. | 500 [ke-m?] C, 2100 [N-sec/m]
M, | 167 [kgl | 1= | 4750 [kgm?] c 0.14 [m]

I | 115ml | L. | 2130 [kgm’] e 0.4 [m]

L | 150m) | Ko | 65690 [N/m]| A 0.55 [m]
aao;‘;’ 0.07 880;;" -0.095 %(aa(/; ) 0.62(0.97)

Table. 1 Parameter values for the vehicle model
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webA, AARE A8 EYAE AFd % A% (Perturbation)o] WA eA w =

E)

o

MastEE @ RNt 33 Uy 449 11002 g
SR, e A FAEIE BiAT ww, v Fol o8] =Y xx
5 xgote] el Faq SAo AL Wl Brh o] FolH Ao A4

sagel M 2 d%Fe vAe ZU™ Ao WIkE dadl 32%, FEel

C, =C,(1+0328). C, =C,(1+0.346,) (4.1)
agla, Aol FolF FEL M ANG wel FPT u Aoly] FHFANIE
%3k NZEo]o]E](Steering Actuator)E Eo]71H, 7|4 vdox FE=o 93|
A gpolojo]l gzt FA @k awd], B =RAE dFdolEe] FoId)

Eds gebA a4 (4.2)9F ol AFvka oM 40%, LTIk ol

A 100%°] &80l de Sl EAsk= Ao r 7HAste] Aor|E AATeR

W AR o Ao} tate] BsIAA oA ddtE H5S LR )
AV s+1
W,=W, =—% ) (4.2)

s+10
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Fig. 4.1 Input uncertainty of vehicle model
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4.3 Ao17] AAE AT FHEAH 1E

oW Ao A A wlEtulEe] WEN dFZo] BIAXNS Fas wuo
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Fig. 4.2 Overall block diagram for controller synthesis
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WA Table. 12 Z+ I E 2] (2.63)9F (2.67)° thdste] 2 (2.62),

(2.66)2 FAIH. 17]aL, 3.3.3 EollM v FeleitelM o sy =8HdAy

S dew gee et &, 4 (3.14)9 Zeo] i@, ¥F 2 2 34y
Ao WE 6,6, W 7 FHe g3 g
K 1 0 0 0 0 |
0 —8.2856 184.1234 1.9187 —14.9935 0.0944
4 0 0 0 1 0 0
10 08973 —19.9405 0.1542 14.4551 0.4537
0 0 0 0 0 1
10 03219 -7.1522 33658 0.8121  0.2034]
0 0 0 |
88.1209  96.0025 —451.1614
5 - 0 0 0
* | -12.5803 —7.3602  3.4270
0 0 0
| —32.2728 25.1206  74.7946 |
1 0 1.4 0 0 0
C - 0 —8.2856 184.1234 —20.3023 —14.9935 0.0944
10 0 0 1 0 0
0 0 0 0 0 1
0 0 0
| 88.1209 96.0025 —451.1614
"1 0 0 0
0 0 0
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0
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0 0 0 0 0
0 —1.2689 28.1987 —1.4593 0.2256
0 0 0 0 0
0 0.1812 —4.0257 0.2083 —0.0322
0 0 0 0 0
0 04647 -10.3273 0.5344 —0.0826
0 0 0 |
28.1987 0 —32.4285
0 0 0
—4.0257 0 4.6300
0 0 0
|-10.3273 0 11.8764 |
0 0 0 0 0
0 —1.2689 28.1987 —1.4593 0.2256 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0
28.1987 0 —32.4285
0 0 0
0 0 0
0 0 0 0 0 0
0 —1.4688 32.6409 22033 —-6.2670 0
0 0 0 0 0 0
0 01126 -2.5025 0.1689 0.4805 0
0 0 0 0 0 0
0 —0.3843 85410 0.5765 —1.6399 0
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0 1 0 0 0 0 0 0 0 0 0
0 —82856 184.1234 19187 —14.9935 0.0944 | 88.1209  96.0025 —451.1614} —0.6813 | —0.6943
0 0 0 1 0 0 0 0 0 0 0
0 08973 -19.9405 0.1542 144551 04537 |-12.5803 -7.3602 34270 | 00973 i 0.0531
0 0 0 0 0 1 0 0 0 0 0
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