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Abstract—An intelligent control of the automated highway
system for the guidance of four wheeled vehicles is proposed.
The control objective is to find one control law that can
automatically guide the new-generation smart vehicles when
driving in the highway under the effects of uncertain
disturbance as wind gust, etc. We successfully propose one
control law for designing the intelligent control of four wheeled
vehicles based on concepts of GPS, fuzzy control, and robust
control.
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L INTRODUCTION

Lateral control has been as an active research topic that
has focused on four main factors that influence system
performance: vehicle handling characteristics, preview
distance, actuator capability, and controller design.[5-8]
Basically, this problem can be viewed as that of determining
an appropriate control law for commanding the vehicle
steering angle. Two approaches can be considered for the
lateral control problem, one is the vehicle guidance and
control problems into an outer guidance loop and an inner
control loop, the other is an integrated approach wherein the
inner and outer loops are designed simultaneously. In [1-2],
a novel method has introduced to solve the active steering of
2-wheel steering vehicles problem which allows robust
unilateral decoupling of the yaw rate from the lateral
dynamics has been presented. The sliding mode control has
been applied to the problem of trajectory control [1-2], and
is recently receiving increasing attention from researches on
control with uncertainties.

II.

In this section, the dynamic, kinematic equations and the
parameters of the vehicle model are described. For simplicity
only the lateral and the yaw dynamics are considered (see
Figure 1)[8]. This simplification captures the dynamics that
would affect control design.

We write the dynamical equations for the vehicle in the

co-rotational coordinates X , Y . The Euler-Newton
equations for the planar rigid body of Figure 1 are
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Figure 1. The description of the hicle model
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where 7 and y ~are the components of the vehicle

Q)

velocity along the X, and y, axes, respectively, as shown
in Figure 1. ¢ is the yaw rate. m and [ _are the mass and the
yaw moment of inertia respectively. / and /, are distances of
front and rear axle from the center of gravity. C, and C_,
are the front and rear cornering stiffness respectively. § is

the steering angle. The model described by equation (1) is
independent of road reference. To describe the vehicle

relative to the road, a road reference frame (X, , Y, ) is used.
The rotation rate of this frame is defined as €, . Note that

&,=V.p, where p is the road curvature. The distance of

the wvehicle center gravity from the origin of
frame (X,., y, ) is defined as y,, .
111 SYSTEM MODELING

In this paper, the equations of motion are written for the
lateral error y, . This is the lateral error at a distance d

ahead of the center of gravity . However, from Figure 1, we
see that

Yo=YtV 2
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where Y, is the actual lateral error at d, and Yo is the offset
because of the road curvature. Because y, can be computed
from road geometry, without loss of generality, the problem
of regulating y to zero is considered. The lateral error

), can be expressed as

Y,V +d.E, (3
Differentiating equation (2) twice, we get

J, =9, +dE +2d¢ +de, (4
From Figure 1, assuming small &€, , we get

Vg = V. +XE,
and

o =iVl ©

where p is the curvature. Using (1), (4), (5) and assume
d, =&, =0, we get the following model equations

+ d, +x
v__(¢1V¢z) . 4L )(¢l+¢2)g
i (©)
@@k—h)+¢ﬂdv+5)+z¢w,
+ £,
VX
)
+%€d + ¢15
hCor =bCor . Cafli~ o (d, +3)
r Lv. 7 I V v
Cop (i} ~hd,) +Cpp (3 +1rd,) (7
- ¢
LV, r
_ (C(x./'ll2 +Car122) é._d n Cafll 5
IZVY Vx
where
1 /d, 1 Ld,
% :Caf(;+ I ) @ :Car(;_T)

Consider the effect of wind gust, etc, Egs. (6) and (7)
can be rewritten as
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Combine Egs. (5), (6) and (9), we can obtain the
following nonlinear state space equation
(10)

x(1)=F (x(2))+ Gx(®)u(t)+ Dw(t)
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where the state vector x(¢), the vector field F(x(¢))and

G(x(?)) »

disturbance w(r) are defined, respectively.

the control command y(r) and the uncertain

IV. CONTROLLER DESIGN
Our design objective is to specify the control command
u(t)= Kx(t) for nonlinear automated highway tracking
system (10) via state feedback so that the controlled variable
x(?) can achieve the desired value. In this study, suppose
X and y can be measured directly by GPS, and other states

can be measured by measurement devices and corrupted by
uncertain external noise, i.e.,
w(7)

x(1)=F(x(1))+Gx(0)u(t)+
y(t)=Cx(t)+n(?)
Where C is the identity matrix and 7(#) denotes the external
noises in navigation process, whose statistical characteristics
are not known with certainty. In general, it is not easy to treat
the nonlinear optimal tracking problem of the automated

highway system directly in (10) via output feedback under
uncertain disturbance w(f) and measurement noise n(¢). In

(11

this situation, the following Takagi-Sugeno fuzzy model is
introduced to approximate the nonlinear automated highway
tracking system (11) via interpolation.

Plant Rule i:

If z(r) is Gyand ...and z,(?) is G, (12)
Then x(¢) = Ax(¢)+ Bu(t)+ Dw(t)
() =Cx(t)+n(t), i=1,...,1.

where G is the fuzzy set, A€ R*, B,e R*™, I is the

number of fuzzy rules, and 2 (0),..., 2, (1) are the premise

variables.The overall fuzzy system in (12) can be rewritten
by

x(t) = Zh,(z(t)){Aix(t) +Bu(n)}
+Dw(t)

y(t) = Cx(t) +n(t)
where

hi(2(0) =

(13)

_HE0) (z(1)
Zu,- (z(1))
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and G;(z;(0) is the grade of membership of z;(1) In G-
It is natural to assume,

w1 (z(1)20,i=1,...,]
for all ¢. Therefore, we get the certainty functions as,

By (2(6)) 2 0
fori=12,...,

(14)
[ and



i
() =1 (5)
i=1

The state variable x(¢) is needed to be estimated for state
feedback control. A fuzzy observer-based feedback control is
introduced to solve this nonlinear noisy output feedback
control problem.

Suppose the following fuzzy linear observer is proposed
to deal with the state estimation of nonlinear automated
highway tracking system (11), then,

Observer Rule i:

If z(s) is G, and ...andz,(?) is G,

Then %(1) = A1)+ Bu(1)+ L,(y(1) = $())
where j(7) = Ci(¢), L, are the observer parameters ( for

(16)

i=1,...] ).The overall fuzzy observer in (16) can be
rewritten as follows

s R(0)= 2 (AW + Bu() +L (0= F(0)} 17

Remark 1: For the convenience of design, the estimated
state variables are specified as the premise variables, i.c.,

z(t) = x(2) .

Suppose the following observer-based state feedback
fuzzy controller is employed to deal with the above control
system design, then,

Control Rule j:

If z(t)is G, and ...andz, (1) is G,
Then u(r)=K (1), j=1,...,/
Hence, the overall fuzzy controller in (17) can be given by,

u(t) = Z[:hj (1)K &(1) (19)

where /1,(z(¢)) is defined as in Egs. (14) and (15) and

(18)

K;, Jj=1,...,1 are the control parameters.

Let us denote the estimation errors as,

e(t) = x(t)— x(t)

By differentiating (21), we get
(1) = (1) — X(1)
= F(x(0))+ G(x(@)yu(?)

—Z h(z(O){AX()+ Bu(t)+ L, (y(£)— ()} + Dw(?)

(20)

=22 1z (z(){(4, - LC)e)+ & ~ Ln()} (21)

=1 j=1
+Dw(t)
where Af" and Ag denotes the fuzzy approximation errors
as,
!
Af = F(x(£) = Y by (2(0)) 4,x (1)

i=1
and

8¢ = GGO) - Y MDY b OBK ) 2D
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Suppose there exists a positive upper bound ¢ so that,
[A7] < ellx)] and flAg] < erfx(] (23)
According to the inequality Eq. (23), we get,
! T
(&) (&) = {F(X(f) - Zh,-(Z(l))A,-x(t))} :

i=1

{F(x(r)—Zh,-(z(t»A,-x(t»}

i=1
<a’x" (H)x(r)
(A2)" (Ag) < ox" (1)x(1) 24
The augmented system is then equivalent to the
following form:

B (z(e)h, (2(){43(0)

! !
F(t)} a4
(¢ A (25)
0 DX h(z(e)h (z(eD{(4, - LC)e(r)
i=l j=I
+B K %(1)+ LCe(r)+ L‘.n(t)}
+Af = Ln(t)}+ Dw(r)
After some manipulations, (25) can be expressed in the
following form;

)?(l) A (4 +BK,) LC )
osEmeomeo [T 1Ly

ol L reowe)
+ + +

e®)] [A&F] [Ag =L (1) + Dw(?)
Let us denote,

()= 1) s = (4,+BK)) Lc .
e(ry| 7 0 (4-LC)
0

- g] - wdl]

wo={lo)

27)

where
AN = AT A
<X (t)x(r) ={a[ 2 +e(n)]} -
{alzn)+e0]}
=5 ()X
and
ATAf < a5 (1)3(1) (28)
Therefore, the augmented system defined in (26) can be
expressed in the following form:

2= 3 2 h Ok () {4,50)+AF

i=1 j=1

(29)
+M (1)}



Because the uncertain external disturbance w(¢) and
measurement noise 72(¢) are uncertain but bounded (thus the
external disturbance (s) is also uncertain) and fuzzy
approximation errors A/ and Ag are assumed to be
bounded by (28). The H_ control has been shown to be an
effective control scheme to attenuate the effect of uncertain
w(t) Aff and Ag to achieve a desired tracking performance.
The following A _ tracking performance is considered as a
design objective

1:’ [ 000%(0)+i" (1) Rir(1)
<
J;’ W (£)(2)dt
Vit)e L, [ 0.1, ]

The H_ tracking performance in Eq. (31) can be
rewritten as,

,ﬁ/ [fr (HOF(D)+i" (z)]ég(;)} dt

< p? J; W (0dr,Yi(r)e L, [ 0.1, ]
Note that if the initial condition is considered, the above
H_ tracking performance should be modified as,

['[& 00%(0)+i" (o) Ra(r) | e
<F(O)PHO)+p* [ W' (1)i(0)dr, W)

eLz[O,tf]

where P is a positive definite weighting matrix.

The design purpose of this study is to specify a fuzzy
observer-based control law in Eq. (19) to stabilize the
nonlinear automated highway tracking system in Eq. (11)

(30)

G

with the guaranteed H _ tracking performance (32).
Theorem 1: Suppose the fuzzy control law (19) is employed
in the nonlinear system (29), and P = P > 0 is the common
solution of the following Riccati-like inequalities,

AlP+P4, +2a21+13(1+L2MiM,.T)13+Q+13?1§12,~ <0

for i, j =1,2,...1 (32)
where 0 =07 >0 and R=R" >0 . Then the closed-

loop nonlinear automated highway system is quadratically
stable in the absence of external disturbances and noises and
the H_ control performance of (31) is guaranteed for a

prescribed p? in the presence of external disturbance.

Moreover, if there is in the absence of external disturbances
and noises then the error state will be ultimately driven to
Zero.

V.

From the simulation results shown in Figs.2 and 3, it is
easy to find the proposed tracking control exhibits an
excellent tracking ability under the effects of the uncertain

SIMULATION RESULTS
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disturbances as wind gust, fraction of road and so on.
Hence, we can conclude the proposed design algorithm
possesses significant advantages for the development of the
new-generation smart vehicles.

— history of the lateral error
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Figure 3. History of the steering angle
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