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Abstract

The paper investigates the lane following and changing maneuvers of autonomous vehicles in the presence
of unknown disturbances, taking into account the dynamic system states and input constraints. The integrated
longitudinal-lateral and yaw rate dynamics of the vehicle are simultaneously considered to improve the tracking
accuracy and system stability when navigating under critical conditions. Then, an adaptive asymmetric time-
varying integral barrier Lyapunov control and dynamic surface control scheme are developed to design the
active front steering controller, longitudinal controller, and direct yaw moment control controller, which is
capable of constraining the system states and control signals within the predefined boundary. In addition, the
radius basis function neural network (RBFNN) is employed to estimate the lumped disturbances caused by
the parametric uncertainties, external disturbances, and unmodeled dynamics, and the command filter system
is used to avoid the explosion of terms phenomenon. Due to the fast and accurate torque response
characteristics of the in-wheel motors, the optimization-based method is then implemented to effectively
allocate the driving/braking torque to each in-wheel motor so as to improve vehicle performance. The stability
of the closed-loop system is comprehensively demonstrated by means of the Lyapunov theory. Finally, the
quantitative and qualitative comparisons in different diving scenarios using the Carim-Simulink joint
environment are carried out to illustrate the effectiveness and validation of the proposed method.

Keywords: Autonomous vehicle, asymmetric time-varying integral barrier, command filer system, radius basis

function neural network, torque allocation, trajectory tracking.

1. Introduction

In recent years, the research on the development
and application of the Advanced Driver Assistance
System (ADAS) has been gaining increasing attraction
in many countries, technology companies, and
education institutes. ADAS is considered a
breakthrough in the car automation industry because of
its significant advantages, including lower energy
consumption, the diminution of air pollution, and the
improvement of passengers’ comfort. Especially this
system plays a crucial role in decreasing car accidents
caused mostly by human errors, thus enhancing overall
road safety [1]. ADAS, in general, composes a breadth
of technologies such as lane departure warning,
adaptive cruise control, automatic emergency braking,
lane change assistance, traction control system, etc,
which all incorporate to level up the driving experience
[2]. Path tracking and stability handling are critical
study aspects in ADAS involving improving vehicle
safety and stability, which are primarily based on the
longitudinal, lateral, and yaw dynamics of the vehicle.

In a majority of studies, the path tracking
problem was generally approached as a problem of
solely steering, neglecting other complexities of
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vehicle motion [3, 4]. Although the aforementioned
works achieve important results, there exists a strong
interdependence between the lateral and longitudinal
motions of a vehicle, and the neglect of either one will
adversely impact the vehicle’s performance [5, 6].
Therefore, it is necessary to take into account both the
longitudinal and lateral control simultaneously to
enhance the control performance in a wide range of
driving conditions. In [7], the integrated longitudinal
and lateral dynamic model of the autonomous vehicle
was presented for the high-speed lane-changing
maneuver, and then the steering angle and
traction/braking torque are calculated using the sliding
mode control (SMC) method. In [8], the interval type-
2 fuzzy sets control approach was developed for the
integrated dynamic model, enabling the vehicle to
robustly track the desired longitudinal speed and
reference path simultaneously. Moreover, when
navigating through adverse road conditions such as wet
roads, or during critical maneuvers such as highspeed
lane changes or high-curved roads, the tires will be
slipped and express highly nonlinear characteristics,
and the dynamic coupling effects be-tween the
longitudinal and lateral motions will be intensified. In
these cases, direct yaw moment control (DYC) is
proven to be one of the most effective strategies to
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maintain vehicle stability and passenger comfort [9]. It
is developed to exert the longitudinal force of each tire
such that change the distribution of the driving/braking
torque. In [10], the super-twisting sliding mode
controller was developed for path-following
maneuvers of the vehicle using the DYC and active
front steering (AFS) integration systems, which
enhances the accuracy and stability of the vehicle and
eliminates the chattering phenomenon of the traditional
SMC method. In [9], the integration model of DYC and
AFS are controlled by the Takagi-Sugeno fuzzy control
method considering the norm-bounded uncertainties of
tire forces and time-varying longitudinal velocity to
improve vehicle stability and achieve the H-infinity
performance.

On the other hand, in practice, autonomous
vehicles typically operate under a variety of
constraints, stemming from the limitations of actuators
such as steering, braking, and throttling systems, as
well as the dynamic states of the vehicle, such as
speed, acceleration, and yaw rate, in order to meet
safety standards and ensure passenger comfort.
However, in most previous works, these limitations are
not taken into account. To deal with the constraints
problem, the MPC method is typically considered a
promising strategy. In [11], the authors presented an
improved MPC strategy, which adaptively adjusted the
weight of the cost function via the fuzzy system, and
the magnitude of the steering angle and its rate are also
constrained such thatthe tracking accuracy and driving
comfort is enhanced. In [12], the MPC method was
developed for lateral-longitudinal dynamic control
problem, which takes into account the constraints of
side slip angle and the control signals, hence improving
the vehicle stability and control smoothness. However,
with the increase in dynamic model complexity,
system constraints, and prediction horizon, the MPC
approach will significantly heighten the computational
burden leading to an intractable problem or local
optima solutions, despite the advantages in handling
system constraints.

Inspired by the aforementioned works, this paper
aims to address the issues of lane following and
changing problems in autonomous vehicles by
simultaneously considering the longitudinal-lateral
control and DYC in presence of lumped disturbances.
Furthermore, it is important to note that the
constraints on the vehicle’s states and actuators are also
taken into account. The main contributions of this
paper are summarized as follows.

(1) The system constraints problem of the autonomous
vehicle is transformed into the state constraints
control problem by extending the original system
dynamic model. Then an asymmetric integral
barrier Lyapunov function method is developed to
ensure that the system states are all confined within
predefined regions, thus the states and input signals
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of the original system always satisfy their
respective constraints. In addition, the radial basis
function neural network which is capable of
approximating arbitrary nonlinear functions is

employed to compensate for the lumped
disturbances caused by the  parametric
uncertainties, external disturbances, and

unmodeled dynamics, such that improving the
accuracy and robustness of the system. In addition,
the command filer system is utilized to estimate the
derivative of virtual control signals, hence avoiding
the "explosion of term" phenomenon.

(2) The comprehensive stability analysis of the closed-
loop system is implemented to illustrate that all
error signals are uniform ultimate boundedness
(UUB) and that the constraints on the vehicle’s
states and actuators are always satisfied. The
effectiveness of the proposed approach is
illustrated by using the Carsim-Simulink joint
environment in different driving scenarios and
performance evaluation metrics.

2. Mathematical Model

In this study, a 7-DOF vehicle handling model of
the autonomous car is taken into consideration as
shown in Fig. 1, consisting of three motions on the yaw
plane (x, y, and ) and four motions of vehicle wheels.
The X-Y indicates the inertial coordinates, and the
x-y is the vehicle body coordinates attached to the
center of mass (COG). The mathematical dynamic
model of the vehicle can be expressed as follows:

Fig. 1. 7-DOF vehicle handling model of the
autonomous car

may = (Figt Fip)coso— (Fy tF),)sind 0
+ (Fot Fr,)Fres

may = (FeitFo,)sind+(Fy,+ Fy;)coso )
+ (£t )

Ly =1y (FyytFx;)sind + [y (Fy+HFy,)coso 3)

—I (Fyrl+Fyrr) + M.

where m is the vehicle mass, I, is the inertial moment
around the yaw axis. [/, and /. are distances from



JST: Smart Systems and Devices
Volume 33, Issue 2, May 2023, 058-068

the front and rear axles to the COG. y denotes the

angular acceleration of the vehicle around the yaw
axis. Fy, Fy represent the longitudinal and lateral tyre
forces respectively. The subscripts (£, 1), (f,r), (r,]),
and (r, r) refer to the front-left, front-right, rear-left,
rear-right tyres of the vehicle respectively. ¢, is the
distance from the left to the right tire. The direct yaw
moment M; considered as an additional control input to
stabilize the vehicle motions are represented as:

M: = [{(FyytFy;)sind+ 0.56(-Fxyy + Fij)coso

+0.56,(-Fy, +F.)

4)

The longitudinal acceleration a, and lateral
acceleration a, of the COG in the vehicle body
coordinates are defined as:

aX = V.\’ _V}"‘//

(6))

a,=v,—vy

where Ar is the effective frontal area of the vehicle, p
is the air density. C; and C,. are the aerodynamic
drag coefficient an rolling friction coefficient
respectively. The normal force on each wheel can be
calculated as:

S (R TR (s (s
! g e ! g Te
a, a a,
e
g 4 ! g g
Q)
with
/ /
k,=—mg—k, =lmg—;kx =—mg—k, =£;k,v -
‘ t, "o,
where & denotes the center of gravity height. The
relationship  between longitudinal forces and

traction/braking torques is illustrated by the torque
balance equation as:

Lo, ==F, r,+(T, -T, )+AT.. (D)
with z € {f,r},e € {L,r}. I, is the moment of inertia
of the wheel, w indicates the wheel velocity, r,, is the
effective wheel radius. 7, and 7, denote the total
traction torque and the total braking torque executed
on each wheel. AT;. represents the uncertainty of the
model. To explicitly express the relationship between
the driving/braking wheel torque and longitudinal
velocity, (7) can be rewritten as:

1 . 1
F;c __(T; _Iwwr,e)-i__AT;J
SR r, ®)
=F, +AF,
where?, =T, -T, 7€ {f,r},e € {l,r} I:“x
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present the nominal longitudinal forces.
substituting (8) to (1) yields:

Then,

m }"w r

w

cos O + AF, cosé}

1 I w (a.)rl + d)rr )
— | L AF, ~F, sind—F, |+vy
m r,
€))
where 7) =T, cos6 -1, cosd+T) +1T, .

The longitudinal and lateral tire forces are
expressed as follows [13]:

HE,

F = (/L cosa,, +4, sing,, )—

e Yoo , e ’ /12

Ve
U

F = (—Ar sina, , +4, cosa”)—”

Vre X, , Ve , !ﬂi [ +/1;r E

(10)

where A, ,4, are the slip ratio of each wheel in

longitudinal and lateral directions, respectively, o is
slip angle of each tire. Assuming that the slip angle is
small, (10) can be rewritten as:

uE,
F, =1, ———=—+AF,
R VS 5 (11)
=F, +AF,

where k = {x,

the model. The slip ratios can be approximated as:

y} , AF, “accounts for the uncertainty of

, .1, ~V,
A = - (12)
max{a)”rn,v }

A, ~a., (13)

Tre

with

. tw w
Ve, =V—l//(3— fﬁ’), V., —V+1//(2 +lf,BJ
v, =V- w[ 2+ ﬂj —V+l//( lﬂj

v o+, v, +1y
a, :5—arctan( 2 "V/j,aﬁ :5—arctan()—"(//]
: v v

X

v, =Ly v, =1y
a,, = —arctan lid , a, =—arctan| v
VX VX

(14)

X

Substituting (13) to (2), the lateral dynamic can
be written as:
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b= (e Yo, <)o)

y

" (15)
-G, arctan [ﬂ] + Gyﬁ
VX
where
G = F o)
. coS
W /12 \//12 + /12

3. Problem Formulation

The control objectives are to follow the desired
trajectory while maintaining vehicle stability during the
maneuver. To closely follow the pre-defined
trajectories, the steering angle is controlled to adjust the
lateral force of the vehicle to minimize lateral deviation,
while the longitudinal control is responsible for
generating driving/braking torque to follow the speed
profile. However, when the vehicle is in critical
conditions, the lateral acceleration, yaw rate, and
sideslip angle will be high, leading to the saturation
phenomenon of tire lateral forces. In these cases,
changing the steering angle only cannot improve the
vehicle's yaw stability, so the DYC control is designed
to apply the longitudinal force of each tire to change the
distribution of driving/braking torque to improve the
vehicle's yaw stability. In addition, since autonomous
vehicles typically operate under a variety of constraints
from dynamic states or actuator limitations, it is
necessary to consider these constraints during the
control design process. Therefore, this paper considers
simultaneously longitudinal, lateral, and yaw motion of
the vehicle to construct the tracking controllers which
are capable of constraining vehicle states and control
inputs.

3.1. Steering Control Formulation

For the purpose of precise tracking of the
reference path, the steering control system is designed
to regulate the steering angle in order to minimize the
lateral deviation. The lateral tracking error is therefore
defined as follows:

(v siny +v, cosl//)dt—yd (16)

qc—,N

Let (x]y,xzy )T

can be obtained:

= (ey,e'y )T ,the following system

X, =X,

) (17)
X, =F, + ka5 +D,

where
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L~ . A v, +Ly
F,(y:;(Flfsm5+F}f)cosy/—Gyarctan - cosy

v

x

+Vcosy +v siny —v ysiny — i

To enhance the lateral control performance,
the steering controller is designed to ensure that
the tracking error is always constrained by

ey(t)erlz{ (1) eR|k,, (1) <e, (1) <k, (¢ )|}

Assuming that the two desired tracking references
are given as xy,¢ and x,q, respectively. The tracking
error is defined as:

2, =X, — X,

(18)

Zyy T Xy, T Xy

y y

In addition, the AFS controller designed in this
research directly controls the front steering wheel
angles. Hence, to achieve a smooth transition, the
magnitudes of the steering angle and its rate are
constrained such that

5(r) e,

= {5(1) eR|k, . (t)<(t)<k,, (t)|} ,
={8(t) Rk, (1) <8() <k, (1)}

To this end, the original lateral dynamic is
expanded to include the second derivative of the steering
angle, which allows for the transformation of the input
constraint into a state constraint problem as follows:

§(t) € QM

xly :x2y

X, =F,+G,0+D,

o ’ (19)
6=0,

o, =U,

Then, the control signal U, will be designed to
stabilize this extended lateral system and guarantee the

satisfaction of the constraints on ey, J, 5.

,TE{f,r},

¢ e{l,r}, are bounded due to limitations of the road

Assumption 1. Since F, and F,

surface adhesion and tire friction circle constraints,
and the value of steering angle ¢ is relatively small in
normal driving, hence it is feasible to assume that D,

is bounded by |Dy| <Ay <oo.

3.2. Longitudinal and Direct Yaw Control Formulation

The longitudinal control  generates the
driving/braking torque 7; to pursue the desired speed,
while the DY C induces the yaw moment M: to stabilize
Let x, =[v, w] and the tracking
=[vy w,] . from (3) and (9), the

following equation can be obtained:

the wvehicle.

reference x,
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)'Csd = Fis + GisTs + Dy

where

(20)

F.=[F, F,].6.=[6, 6,].p,=[D, D,

Fo=-[ I,(a, +d)/r)C°S5+1w(d)ﬂ +d)f")

+ rw}:;,.sinﬁ /' mr, +v.y
F,=1/1, [lf (ﬁyﬂ +13” )cosé‘—l‘f (ﬁ}/ +1:"} )J
G, =1/(mr,),G,, =1/1,T =[1, M|

D = [(AF/ +AF, Jeoss +(AF, +AF, )
—AFstin5—F /m

res

D, =1/1|1,(AF, +AF, Jeoss 1, (AF, +AF, )
0.5, (-AF, +AF, )sing ]

In addition, for safety reasons, it is
important to ensure that x; is constrained by

x, €Q ={x, (1) R [k, (¢) <x, (1) <,y (1)}

Ky :[km kn;/l:IT s k= [k kpy1:|T. The tracking

pxl

T, .
error z, :[le zly] is considered as:

e2))

Besides, due to the limitations of actuators, the
control torque 7; and yaw moment M. are practically
constrained such that

T,eQ, =T (1)eR [k, (1) <T, () <y (1))}

kns2 = |:knx2 kn;/Z :IT, kp:2 = [kpXZ kp}/Z :|T .

For this purpose, the original dynamic system
(20) is extended to the derivative of T to transform the
input constraint into the state constraint problem as
follows:

x.\' = Kk\' + Gk.\'T;' + D.\'

I, =U,

Zls = Xs - Xsd

(22)

and the final control signal U; is designed to ensure
convergence of tracking error z;; and the constraints of
states v, i, T1, M- of extended system (22).

Assumption 2. In reality, Fx,, and Fy”,z'e{f,r},

ee{l,r}, are bounded by restrictions of the road

surface adhesion and tire friction circle constraints.
Besides, the total resistance force is also bounded,
and the value of steering angle J is relatively small in
normal driving, hence it is feasible to assume that D;
is bounded by |Dy| < A5 <oo.
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4. Controller Design

In this section, the design of the AFS,
longitudinal control and DYC is achieved through the
use of a proposed asymmetric integral barrier
Lyapunov function control scheme, which takes into
consideration the constraints of the dynamic states and
control signals of the vehicle.

4.1. Active Front Steering Control

In order to drive the tracking error e, towards
zero, the following Lyapunov function is considered:

- 2
¢ G(kpyl - knyl )

Vi, = do  (23)
’ 0 (yd+o-_knyl)(kpvl_yd_o-)
Taking the time derivative of Vi, yields:
Vo = B2V + By 2y Ja + By 2k, + B, 2,0k,
24)

where 21, 1= {1, 2,3, 4} are shown later in (49). Define
the virtual control a, as:

a, = _Klyzly - Kllyd:‘nyzly

25)

_=-l
“lly

(E'IZyyd + El}yknyl + El4yzlykpyl>
where Ki,, Kii,q are positive designed parameters.
To avoid repeating the calculation of the derivative
which causes the problem of “explosion of
complexity”, the following command filtered system is
designed:

Q, =0,,a,
: _ (26)
Qly = _2z-lywlyg1y - ZD—lvv (aly - r ((—Zly ))

where a1, and a,, are the outputs of the command
filter satisfying a1,(0) = 0 and a1, (0) = 0. @i, >0 and
71y € (0, 1] are the designed parameters. Let
Zoy = Yo — c?ly and ¢, =a,, —a,,. Next, consider the

following Lyapunov function:

2
= olk,,—k, | R
vy, f| k) o+—WW,
0 (aly +O_+kny2)(kpyl -, _O-) 7y
(27)
Its derivative is:
Vy, =V, +E5,2,, (F, +G,0+D,)+8y, 2, &,
~ X H ) 1 2, - (28)
+Ey,25,k,, + Lt24yzzylcpyz +7/—VK w,

y
where =, i = {1, 2, 3, 4} are shown in (49). Then,
define the virtual control oy, and the adaptive law W}

as:
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1 e el o o
——(Fky W0, ) +E,8,2, +K,,2,, + Ky 4801, 25,

a,, =
oy
_—l = = - 7 - 7
+ KZZ}d"‘Zh G‘kZzV 29, (‘ZZZya]y + :‘23ykny2 + ‘:‘24ykpyz)
(29)
Wy = }/,v:?ly@yZZy (30)

where K>y, Koiyi, Kaoya > 0. Passing ao, through the
command filtered system yields:

C;CZy =0,,0,, 31)

@, = —2T2},ZUZ},0_52}, —,, (a2y - I_‘(C_lZy ))

where ay, and a, are the outputs of the command

filter satisfying a»,(0) = 0, a2,(0) = 0, @2, > 0 and
2y €(0,1]. Letzsy =0 - @,, and ¢,, =a,, ~a,,.
Consider the following Lyapunov function:
2
B olk,,—k,
ot f| kel
0 (aZy + O-+kny3 )(kpy13 _a2)’ _O-)
(32)
Its derivative is:
V}y = VZy + E3lyz3ywy + 332}'23))672)) (33)

+:‘33yz3ykny3 + :'34yZ3ykpy3

where E3;, 7= {1, 2, 3,4} are shown later in (49). Then,
the virtual control signal @, is designed as:
- _K3yz3y

- —_l -
_KSIyd‘:falyZSy T E3,501,2),

(34)

- ':";ly (:‘32ya2y + :‘33ykny3 + :‘34ykpy3 )
where K3,, K31,4 > 0. Passing a3, through command
filtered system designed as:
o, =o,
3y 3y=3y
_ 335)
a3, = _2T3yw3yg3y — @, (aSy _F(g3y ))

where a3, and a3, are the outputs of the command
filter satisfying a3,(0) = 0, a3,(0) = 0, w3, > 0 and

w3y € (0,1]. Letzyy =@ — &, and ¢, =a,,~a;, .
Consider the following Lyapunov function:
Z4y 2
: (ks ki)
Vi =Vsy | o
a. k k .—0,—0C
0 <a3y+o-+ ny4)( pyl4 3y )
(36)
Its derivative is:
VM :V3,+E4 Z,, T, +E, 2, ,073.
) v Ly=4y™y yTay 3y (37)

+':43yz4ykny4 + :‘44yZ4ykpy4
where Esj, i = {1, 2, 3, 4} are shown later in (49).
From that, the final control signal U, is designed as:
U =-K,z, —E,E, z
¥y 4y“4z 41y=31y“3y
o . . 68)
- :‘41}! <:‘42ya2y + :"43ykny4 + ':"44ykpy4)
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where Ky, > 0.
4.2. Longitudinal Control and DYC
Consider the following Lyapunov function:

pxl _knxl )2
(v, +o-+km, )(kpxl -v, —o-)

o

ot N

Ay G(kPV2 -k, )2

+0(%+a—%ﬂ@w—%—a

Its derivative is:

Vlvl: ls""'lls (F +G M +D ) ls""lZs).Csd
(40)

T
+le"‘13sknsl +ZlA“l4skps] +W Y W

. . T
Define the virtual control ¢, = [au alJ and

the adaptive law W; as:

-1 7 ol (w5 T T T
_Gk.v (F;m + VVv ®x + s (“lZSxS(l + Hl?;xkn.v] + “14xkpsl )

TaT
+K,,z, + K, B2 + Ky Gy GAy“mZn)

125d
(41)

W, =0z, (42)
where K1s: diag(le, K1y), K11Sd: diag(Knxd, K11yd),
Kia = diag(Kizw, Kizg) are positive designed
parameters. Passing ai; through command filtered
system yields:

6?15 = ZU-lso—{ls (43)
le = _zrlswlsg]s _wl.y (gls _r(gls ))
where o, and as are the outputs of the command

filter satisfying &, (0)= 0 and a14(0) = 0. @i, > 0 and
715 € (0, 1] x (0, 1] are the designed parameters. Let

T — —
Zy, Z[sz zzy] =Ts—a, and ¢, =a,, —a,, . Next,
consider the following Lyapunov function:
2
J‘ px2 - kan )
— o
o | (@, +o— k )(kpx2 -a, —o-)
(44)
Zz 2
! a(kpy2 —knyz)
+ — — o
0 (aly + d—kw2 )(km2 -a, —o-)
Taking the time derivative of Vy, yields:
7 7 T = Tem = T = 2
I/Zs = Vls + ZZSE‘IZA'US + 223:‘22:a15 + ZZS“23skns2 + ZZS:‘24skp52
(45)
The control law Us is designed as:
== AT =T
Us = _KZSZZS _""'ZISG "‘llvzls
(46)

—_1 (= = - - 3
+ ‘:215' (‘:225'alx + ‘:23sk11s2 + :‘24xkps2 )
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where K>, = diag(Kax, K2y) > 0.
4.3. Stability Analysis

Assumption 3. The initial values of the autonomous
v, 0,8, T), M.} satisfy
= le X QyZ X Qsl X Q}G X Qy4 X 952-

vehicle’ states y={x1,, x2,
x(0) € Q,

Lemma 1. Consider the following type of asymmetric
integral barrier Lyapunov function:

V(za.k, 0.k, ()= j[(

o (k, 0 ~k,()) .
+o—k,(0))(k,()-a-0o)

(t)+a

=(k, (1)~k, (t))((“—kn (’))m/f(’l’)Tw

+(kp (t)—a)ln T

» (t —z—a

(47)
where z = x—« is the tracking error, « is the desired
tracking trajectory, k,(¢),k,(¢)are the time-varying
constraint function. The following inequalities are
hold in the set Q={x e R|k, (t)<x <k, (¢)}:

’ 2 (k, () =k, (1))’

7SV Bak Ok 0) o -ra)

(48)

Proof of Lemma 1.

The expressions of Zy, Ejjs, i =
(11,2,3,4}, @, ={x,0,@,.@,,a,},

@, =V, @, |, ={x,y,7}in (24), (28), (33), 37),
(40), and (45) are given as:
- T
|: :'iZy]

(2w & T
—[~ E] s 2 —[~ ]
()
(ki —ay =2z, )(kp,,- —@y =z )
ek (k= )k =ty 2z, )

{1,2,3,4},)=

[x]
[l]

[!]
[1]

i2s
Zi (kpli —ay )(knli 0y =2z )
" K =K In k. —ay _ Zi
“i3s k _ k _ _
Zj wi ~ % T Zy Ky — Oy Iy
_ ki —ay In k. —ay K —a In ki —ay
Zy ky— oty —z, Zy ko — 0ty =z,
- k li + k 1 kph ail Z,']
“ids n k k
Z i ~ i T2y i Qi T2y
kg +a, In k. +ay ki =ty In ki =y
Z; ky+a, +z, Z kpl[ -0, -z
(49)
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Let f(z.a.k,.k,)=V(z.a.k, k,)-= Taking

the partial time derivative of f with respect to z

yields:
o (k—k )+ (k, —x) +(k, —x)
oz 2(kn—x)(kp—x)

One can be seen that

Verz{xeR|kn(t)<x<kp(t)}, of /ox=0
when z=0,0f/ox>0 when z>0,9f/ox<0,
when z<0.

It means that f(z,a,kn,kp)zf(Oak k)

2
Hence V(z,a,kn,kp)z%.

Define
o (k, Ok, ()
(a+o—k,®)(k,O-a-0c)

Taking the partial time derivative of g with respect to

g(a,cr,kn,kp)z

o yields:
G_g_ _(kp _k")2 (02 _(kn _a)(kp —a)) >0
oo

(k, —o-—oz)z(kp—a—oz)2

Therefore, j:g a o.k,.k, )dazzg(a,z,kn,kp),
0

which means that:

V(zak, (1)K, (1) < 2 (k, (1)=&, (¢))

(z+a—k, (t))(kp (t)—z—a)

It completes the proof.

Theorem 1. Considering the closed-loop system of the
7-DOF autonomous vehicle (19) and (22). With the
control signals (38), (46), filtering systems (26), (31),
(35), (43), adaptive laws (30), (42), Assumption 1, and
appropriately designed parameters, all the signals of
the closed-loop system are PFS, and furthermore the
system’s states y are always constrained by Q

Proof of Theorem 1.

The complete Lyapunov function of the system is
given by:

Va: V4y+ V2s (C 1)

Taking its time derivative and using the
results of (25), (29), (34), (38), (41) and (46), we
obtain:
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V, =V, +V,,

= -2 2
=-K, y=1yZ Klnd'—u Iy K?,—‘zu 2y Kﬂy,/':zuzzy

2 2 2 2 2 —_ 2
K°2;d—‘2n w2y = K};'—'snzsj —K;1,085,2, — KB 2,
le—'mK Zis T

T=T
- Is'_‘lI.sGksKIZ.\'dex':‘lltzls

le—‘med—'l 15215
2;-‘21:K Zas THE3,73,6,

T = —
+Z5 (77s +G, 6, ) +5,2,6, +8,,2,, (GAyfzy +1, )

By making use of Young’s inequality, we obtain:

- —2 2 1 2
Ei,2,6, S Kllyd'z‘llyzly + 4K €y
11yd
- <K o,
=122, = 21yd—‘2yzz) + 4K n,
2lyd
= G <K =2 GZ 1 2
S01y 22, U6y S 22yd‘_‘2w w22yt 4K €,
2yd
= <K =2 2 1 2
S, 23,6, S Kyy05,25, + 4K — &,
3lyd
T T _T T -1
AR/ NES-ARCN SRCHIE- R bt/ AV S/ 3

4

1
T T IT T -1
2,20,G 6, < 2,56, K1, G B 2 +ZflsK1|sd51s

Then ¥, becomes:

; - 2

V, < 7K1y:‘11yzly
T T = 2 2

= 2,8, K21, = 25,89, K51, 20, +é, /(4K11yd)+fzy /(4K22yd)

—_ 2 —_ 2 —_— 2
- Kz;::'zuZZy - K}y:‘31y23y - K4y:'4lyz4y

+ 772 /(4K21;4)+5321 /(4K311d ) + 477.VTK17124775 + 45.YTK1721.Y¢1€S

—ZKU g me{

<—kJV, +A,

K, |V, +A,

where k,= min{Kix, Ko, Kiy, K2y, K3y, Kay, K1y, K2y},

A, —1/22 W W, +61v/(4K11yd)+622y/(4K22yd)

+77,2,-/(4K21yd ) + 532y/(4K31yd ) + 477,§K1_11sd’75 + 4fyTK1_21Sd53
It completes the proof.
5. Evaluation by Co-Simulation

In this section, the performance of the proposed
approach is verified by using the Carsim-Matlab joint
environment. Many automotive manufacturers and
design companies (such as Toyota, Mitsubishi, Delphi,
and General Motors, to name a few) use CarSim in
both model-in-the-loop and hardware-in-the- loop
tests [14] as it can provide comprehensive full-car
dynamic model and simulates the sophisticated
behavior of the vehicle with high fidelity. While the
vehicle dynamics are performed by CarSim simulation
software, Matlab/Simulink is employed to embed the
controller.
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5.1. Simulation Setting

The vehicle drives on the dry road (¢ = 0.9) and
executes the double lane change maneuver (DLC)
while undergoing the changes in longitudinal velocity.
It starts from 22.3 m/s then increases to 25.8 m/s
before decreasing to 18.5 m/s so that the DLC is
performed during both acceleration and deceleration
cases. The comparisons are carried out between a
conventional SMC control scheme that evenly
distributes the driving/braking torque without using
DYC, the proposed control method, and an SMC
control scheme that uses DYC and optimized-based
torque distribution (SMC+DYC) to evaluate their
respective performance. To ensure a smooth transition
and to respect the physical limitations of the
actuators, the constraints for steering angle o,
steering rate &, driving torque 7, external yaw
moment Mz are defined as —12° < ¢ < 12°
—25°- §-1< §<25°s7!, ~1000N-m < 7, < 1000Nm,
—4000N'm < M. < 4000N'm. In terms of system
constraints, the vehicle’s longitudinal speed is limited
to the range of 10m - s/ < v, <333m - s'. The
lateral tracking performance is constrained by
—0(t) < e, < o(f), where o(f) = 0.2¢7% + 0.05. To
maintain vehicle stability, the difference between the
yaw rate and the yaw rate reference must satisfy the

stability index k, defined as |t// -y d| < k|l/) d| , where k
is between 0 and 0.165, and y, should satisfy the
lateral constraint |l// d| Suglv,,

Thus |y —y,[<0.165ug/v,.
limitation in the tolerance is therefore defined as
max{y, ()= 0.165 ug /v, ,— ug/v, } <y (t)<min{
w,(t) +0.165ug /v, ,ug/v,}. The parameters of

the proposed controller are chosen as Ki, = 0.2,

sz = 5, sz = 50, K4y = 100, K]s = diag(lO, 2.5),

bi = diag (50, 50), Wiy = W2y = W3y = 500, Tiy = T2y

0.9, wis; = diag(500, 500), 7;; = diag(0.9,
0.5, Y, = diag(0.01, 0.01).

as reported in [15].

The yaw rate

= T3y =

0.9), vy =

5.2. Result and Discussion

The wvehicle starts with an initial speed of
22.3m - s ! and an initial lateral offset error of 0.15 m
on the dry road (¢« = 0.9). The vehicle then accelerates
t025.8 m- s ! byincreasingitsspeed by 1 m - s ' while
making a lane change to the left lane. After that, the
vehicle decelerates to 18.5 m - s~ by decreasing its
speed by 2 m - 57! during another right lane change.

The reference trajectory for the lane change
maneuver is designed via five-degree polynomial
function:

y(t) = a5t5 + a4t4 + a3t3 + azt2 t+at+a,
with the initial condition: y,_, =0,y_, =0

y/:[/

:yﬂﬂy[:l“

, and the terminal condition:

:yf’
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j/t:,/ =0, Vi, =0. The length of the lane change

maneuver is 2.5 seconds with y, =0, and y, =3.75

for standard lane width. Then, the desired yaw rate is
determined by y, = pV where p is the curvature of

the desired trajectory.
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Fig. 2 shows the lateral tracking error of the

vehicle. From the result, one can see that the
proposed method can guarantee the tracking error
always evolve within the performance boundary and
converge to zeros at the end. Meanwhile, the SMC
control scheme generates larger errors that go beyond
the boundary and exhibits a slower convergence rate.

Global Y (m) Yaw angle (rad) Yaw rate error (rad/s)

Rate of steering angle (rad/s)

: ‘ ‘ ‘ : v
01 [ SMC+DYC
o Proposed
005 ——Ft—mcmme LA ] A e Boundary
—— Boundary
0
B s
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0 1 2 3 4 5 6 7
Time (s)
Fig. 3. Yaw rate error
0.1 F ' i ‘ T [——sMC
SMCHDYC
Proposed
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0 1 2 3 4 5 6 73
Time (s)
Fig. 5. Yaw angle
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The comparisons of yaw angle, yaw rate, and
yaw rate error are displayed in Fig. 3, 4, and 5
respectively. The results show that with the DYC and
the torque allocation algorithm, the vehicle can
minimize the deviation of the yaw rate and ensure that
the yaw rate is within the allowable range, thus
increasing the stability of the vehicle. In comparison,
the absence of the DYC component results in greater
fluctuations and errors in the yaw rate and yaw angle,
which has a negative impact on the stability of the
vehicle. For the speed tracking performance, the
results in Fig. 6 indicate that all control schemes
allow the vehicle to closely track the desired velocity
profile during the maneuver, but the proposed method
exhibits a higher level of accuracy. Fig. 7 shows the
global trajectory of the vehicle. It can be observed that
by using the proposed method, the vehicle can achieve
faster and more precise lane change maneuvers.
Additionally, the overshoot and tracking error is
significantly reduced, demonstrating the effectiveness
of the proposed method in enhancing the vehicle’s
performance. The steering angle and steering rate are
shown in Fig. 8 and 9. Since there is an initial lateral
offset error, the SMC controller generates a fast and
large steering angle to steer the vehicle to the reference
trajectory, but it causes a significantly high steering
rate, which can damage the actuator. In contrast, the
proposed method effectively limits the steering rate
within the specified bounds, while simultaneously
achieving a higher level of tracking performance. This
can result in smoother and more controlled lane
changes, which can improve passenger comfort and
extend actuator life.

6. Conclusion

In this paper, the integrated longitudinal-lateral
and yaw rate dynamics of the vehicle are considered
simultaneously in the control design to enhance the
vehicle’s performance in harsh driving conditions.
The new adaptive asymmetric time-varying integral
barrier Lyapunov control and dynamic surface control
are proposed for AFS, longitudinal control, and DYC
controller design, such that the system’ states and
control input signals are guaranteed to be strictly
bounded within allowable ranges, while the lumped
disturbances are compensated by the RBFNN to
enhance the system robustness. Besides, the
optimization-based torque allocation algorithm is
introduced to effectively distribute driving/braking
torque to each in-wheel motor. The simulation results
demonstrate the effectiveness and superiority of the
proposed control scheme through both quantitative
and qualitative comparisons in various driving
scenarios when compared to the SMC method.
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