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Abstract

In this dissertation, a lateral control design is presented for
automatic steering of active four-wheel steering (4WS)
vehicles for highway driving. The linearized two degree- of
freedom (2 DOF) equations for the lateral dynamics are
derived using the Newton's equations. A robust controller
using w-analysis and synthesis is designed for a linear
model of a passenger cars moving a given path. The
performance of the robust controller is then evaluated using
simulation studies.

It is shown that the presented control method possesses the
inherent advantages that are robust to complex uncertainty
for typical driving maneuvers. Finally, the active 4WS
vehicle achieves good performance for a wide range of

uncertainty in the highway operating conditions.
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Fig.1 Single-track vehicle model
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Fig.5 Transient planar motions of a vehicle using axes
fixed to chassis

a, Fig.5 (7)
4= lim s m,
= lim, g u tim G0
=%+ ur= v+ ur (7)
(lateral acceleration) (8)

- 13 -



ay= v+ ur

(8)
(6) (9)
M (V+ ur)= Fy+ F,+ f, (9)
(2 (10)
M\}+ Mur = ( B Ca/f_ Car )V- ( Cazflf' Carlr )r
u u
+ Ca/faf'i- C m8r+ fw (10)
% o, CG " % 0-"'
Uy (1
Fig.6 Planar model of 4WS car with steer
angle inputs
, Fig.6 B
v= AV
VRN,
u=xVv (1D

(10)  Vehicle Sideslip

- 14 -



. C - Cl,
MV = - (C o+ C )8+ (- MV- )

V
+ Ca/faf'i- C m8r+ fw (12)
(12)  Side Slip
o Ca/f+cm Cazflf' Carlr
B= - (—MV ),8+ ( 1- YVE: )r
Ca/f Cazr 1
MV IVAC A VIV VIVALE (13)
Y aw Z
N+ > Moment= 1, r (14)
Fig.1
I, 1= LF - LF g+ Lufy (15)

@ @06 19
= 1(cu(sr ) (e a(a T b (9

(13) Figs  (11) (16) Yaw

C i+ C,l?
(=)

Izz I'-=- (Ifcazfaf' IrC mlr)IB'

+ Ca/flfaf' lerar"- waw (17)

Y aw (18)

1:C 46~ 1,.C ., C i+ C,l?
P B v

zz

- 15 -



I I
+Cdff C

L A
([4]pp. 195 235, [5]pp. 213 241)
25 2
2
slip) (yaw rate)
X
(fw)
(af) ’ (ar)
u=[f, & &1°
(19)
x= Ax+ Bu
(19 A Matrix B Matrix

- 16 -

(18)
(13) (19
(side
-8
=[]
(19)
(20), (22)



(Cflf' Crlr)

(Cf+ Cr) 1
A= | MV - MV 2 (20)
(Cils- Cily) - (Cii+ Cil)
[_ l 22 I 22V ]
C, C,
B=| MV MV MV (21)
w Cflf Crlr
T
(ay) Side Slip Angle( 5 )
= ay
=17%]
y= Cx+ Du (22)
(22) C Matrix D Matrix (23), (29)
(Cf+ Cr) If(IfCr' IrCr)
C= M - 1 (23)
(I:Ce- 1,Co)  14(IfCe+ 1,C))
MV 1,V |
(Ir+ IW) Cf IfZCf Cr + IrZCr
D= MI, T MV l,, MV l,, (24)
0 0 0 ]

- 17 -
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Fig.9 Plant uncertainty with output multiplicative
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3.5 Open Loop Interconnection
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Fig.16 Stability configuration for robust
performance
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e d (40)
Nominal Performance ., 4ds=0
wup 0 (Pa(j@) < 1, Vo (40)
2) (Robust Stability : RS)
z w (40

Robust Stability

sup ﬂAG (Pzw(jw)) <1 ' VCU (41)
3) (Robust Performance : RP)
Fig.16 (augmented uncertainty) 4p
=) (42) Robust
Performance
_[4ds O
e e 0 4 ]
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3.11 b- K
D  Scaling Matrix K
K « Controller

D (39)

(43-1) (43-2)
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min min -1
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K Step
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D Step
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4.1. 4

Fig.1 Yaw Motion  Side Slip Motion

4.2

(nominal) (44)

Go(s)= ﬁﬁél: C (sl- A) B+ D

)
(44)
Go(s) (49
0.0009s?+ 0.5384s+ 2.0368 - 40.9s> 25563.2s 21100.6
Go(s)= s?+ 629.3s+ 1510.8 s’+ 629.3s+ 1510.8
0. 00002s+ 0. 015 1. 3s+ 800.2
s?+ 629. 3s+ 1510. 8 s’+ 629.3s+ 1510.8
(45)
4.3
Fig.17 (Gy) (4) (K)
Table 1
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Fig.17 General feedback structure for lateral vehicle

control system
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Table 1: Description of block diagram for figure.17

fa

S

feedback

(noise)

(K) Fig.18
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Z3 wa
-1

€ al e Prer
L e P : fa
B n C Psvs L w A
fi a
eq *+— «~—— np
¥a, v ] e
¥b . QI} !

Fig.18 Schematic block diagram of augmented
vehicle plant

4.4 Open Loop Interconnection

Fig.18

, Controller K

45 LFT (Linear Fractional Transformation)

1) Lower LFT
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Fref Jr d gl L3 )

—_——
Ha ng L] ]
Fi(P.K})
uf Ya Vi
—_———> >

Fig.19 Control system with lower LFT

(33-1) (P) (K)
e Fig.19 (46- 1)
FL(P,K)= Pyy+ PpK(l- PuK) Py (46- 1)
W] w32 Z] Z2
— & —
.f"r.:;f' Iﬂl’ II-{ . {ﬁ ) Eal Ea?
] | =AY THS
Ha ng eg €g

Fig.20 Control system with upper LFT

2) Upper LFT
(33-2 Lower LFT Fig.20
Upper LFT (46- 2)

Fou(d,N)= No+ Nyd(l- Nppd) Ny, (46- 2)

- 40 -



4.6

(47)
_ 0.1s+ 0.8
Wa(S)= —6 55+ 1
(noise)
(48)
_ _ 0.25(st+ 1
Wna(s)_ Wnﬂ(s)_ 0.05s+ 1
Waight Frinitian
10
W 8
E 1
W g (8
10t AR . . " L
101 i 1’ 10"
Fraquancy  [radisee]

Fig.21 Weight function for W,,(s) and Wy(s)
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Fig.21 (47) (48

(49)
. 001 1
Gu(9= Gul9= 2 1er T (49)
, Control
(50), (51)
7.
Wai= 52—03 (50)
Waz= %53 (51)
(52), (53)
57.3
We= 75 (52)
_ 1
e s (53)

W, Side Slip Angle &

6m/ s?
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4.7

Wpl(s) = sz(s) =

(55)
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0.2s+ 2.5 0

Wactuator L= Wpl(S) 0 = 0.4s+ 1.5
0 Wpls) 0.2s+ 2.5
[ 0.4s+ 1.5 |
(55)
Fig22 (54)
Weight Function
10
W o (5] =W o (s)
Ej 1d
10 1d 10 16
Frequency  [radizes]

Fig.22 Weight function for Wy (s) and Wy,(s)

(55)
(56)

Greal ‘= {Gnominal(|+ AGWactuator) : ” AG ”oo < 1} (56)

(57)
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0.2s+ 2.5 0
Greal ‘= GO(S) I+ AG(S) 0.4s+ 1.5
0 0.2s+ 2.5
\ [ 0.4s+ 1.5 |]

(57)
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5.1

Table 2

Table 2. Typical vehicle data

M 1500 [kg]
| 22 2400 [kg - m?]
C u 55000 [N/rad]
C 45000 [N/rad]
P 12,18 [m]
I 04 [m]
v 100 [km/h]
52 H, 7
H. Controller Table 3

T able 3: Closed-loop poles of H. controller

(Eigenvalues)
-3887.52 | -522.84 | -312.24 | -70.96 -19.04 -7.54
- 3.65 -4.04 -2.00

H . Controller
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. (58)  you= 5.1634

Singular vWalue Flot of cip

Magnitude

2

14 . :
15" 1 1d 10 1d

F requency

Fig.23 Singular value plot of close-loop system

Fig.23 Open Loop Interconnection

(singular value)
Fig. 24 H. Controller  Open Loop Interconnection

Lower LFT

H. Controller (robust stability)
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Amplituds

Fig.25

10

(nominal performance)

Sigular Value Flot of £ (F.K)

1¥ 10 Tiz iy

Frequency

Fig.24 Singular value plot of lower LFT

Fig.26
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FRobuset Stabiity (-1, Mominal Perfarmance (-.)

.5
4 "
3.5
3 {
& 2 J
3
i[5
£ =2
15 — X
1 e . - -' N,
0.5 H“\',_
o
107 s i i 1w
Frasgjuency
Fig.25 Robust stability and nominal performance
MU Upper bownd (<) & Lovwer bound i- <)
5.5
5 e .-\\
i3 N,
P 1Y
45 S b
¥ b
i ‘*
4 ."'ll "-,
! b
£ 38 i Y
= / Y
g / \
£ a ! Y
/ \
2.8 Fi Y
2 s Y,
- / II“-
o N,
18 ™
1
a7t 1 1 af 2
Fraguency
Fig.26 Structured singular values( ) with upper and lower

bounds




Robust Performance (RP)

NP RS
D- K
D- K
CLOSED-LOOP MU, CONTROLLER #1
35
3
Z5
F
1.5
05
n -
107" s 1w i 1
FREQUEMNCY (rad'e)
Fig.27 p value for controller #1
Fig.27 D- K U
RS
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W

1.4

CLOSED-LOOP MU CONTROLLER #2

1.2

e

06

02

10

1 id g T s

FREQUEMNCY (rads)

Fig.28 y value for controller #2

CLONSED-LO0P L, CONTROLLER #3

0.5

10

-1

i 1 v 18

FREQUEMNCY (radis)

Fig.29 x value for controller #3




Fig28 D- K yz

: NP RS
Fig.29 D- K yz
(39)
u Controller
NP , RS , RP

Fig.30 D- K K
H. Controller 7

Controller Fig.25 Fig.30

¢ Controller
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Robust Stability (-), Mominal Performance (-

0.8

Ampde

03

0.z

107 1d’ w o T

Frasgjussncy

Fig.30 Robust stability and nominal performance for controller #3

Table 4

Table 4: D-K iteration summary

Iteration Summary

[teration # 1 2 3
Controller Order 9 13 17
Total D-Scale

Order 0 4 8
Gamma Acheived 5.584 1.697 0.954
Peak mu- Value 3.370 1.307 0.667
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T able 5: Close-loop poles of x controller

Table 5

(Eigenvalues)

-522.10 | -14835 | -68.84 |-16.64 + 0.01i |-16.64 - 0.01i
- 1355 -9.11 -5.49 -2.86 + 0.01i | -2.86 - 0.0%i
-1.01 -158 | -64.76 - 64.76 -1.99
-2.88 -2.88
Table 5
D- K
5.3
Pl 4
E L“”J{;-Q desired fr'j
" iy .H"«._ path f,f'f
L )
-'Iz ] i
{ =R
Fig.31 Vehicle maneuver along the desire road path
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Table 6: Desired radius (R) of road path in time- domain simulation

([sec]) | O 2 2 4 4 7

7 10 10
0 50 - 60 70 0
R ([m])
0 2 2 4
L4 7 ,
7 10 , 10
Fig.31
Table 6
destined] curvatune
o0z
ot
-k
I
.01
-0.02
4 & a 10 2 14

Fig.32 Road curvature input
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Fig.32

Fig.33

Fig.33

1103 npUT rho
2
15
1
Q.5
=
=
=
® o
45
1
5 |
|:| =]

Fig.34

with perburation {--)  withous peturoationg-}

4 a8 B it 12 14

T [see]

Fig.33 Time- domain response for vehicle side slip
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Fig. 34
(lateral acceleration)

(perturbation)

] 3 NpWE rhe with pestubation (dashed) wiihout prriuwbation| s}

|abesal Sotaderatinn

1] a3 4 & & W 12 14
Tima [reci

Fig.34 Time- domain response for vehicle lateral acceleration
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