IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received February 16, 2021, accepted March 10, 2021, date of publication March 17, 2021, date of current version March 29, 2021.

Digital Object Identifier 10.1109/ACCESS.2021.3066444

Cascade Backstepping Control With Augmented
Observer for Lateral Control of Vehicle

CHANG MOOK KANG “'!, (Member, IEEE), WONHEE KIM “2, (Member, IEEE),
AND HYEONGBOO BAEK?

I Department of Electrical Engineering, Incheon National University (INU), Incheon 22012, South Korea
2School of Energy Systems Engineering, Chung-Ang University, Seoul 06974, South Korea
3Department of Computer Science and Engineering, Incheon National University (INU), Incheon 22012, South Korea

Corresponding authors: Wonhee Kim (whkim79 @cau.ac.kr) and Hyeongboo Baek (hbbaek @inu.ac.kr)
This work was supported in part by the Incheon National University (International Cooperative) Research Grant in 2020, and in part by the

National Research Foundation of Korea (NRF) Grant by the Korean Government through Ministry of Science and ICT (MSIT) under
Grant 2020R1F1A1071547.

ABSTRACT This paper proposes a cascaded backstepping control method with an augmented observer for
the lateral control of an autonomous vehicle. The proposed cascaded backstepping control structure consists
of an inner-loop electric power steering (EPS) system and an outer-loop lane-keeping system (LKS). The
outer-loop controller for LKS calculates and provides the desired steering angle to the inner-loop EPS system
for maintaining the vehicle at the center of the lane. Subsequently, the inner-loop controller for the EPS
system generates steering torque to track the desired steering angle from the outer loop. The proposed method
can guarantee the stability of the vehicle considering both inner-loop and outer-loop dynamics. In addition,
an augmented observer affords robustness against unknown model parameters and external disturbances.
The stability of the closed loop of the overall system, including the lateral dynamics and the EPS system,
is proven using the input-to-state stable property. Controller design with consideration of the overall system
can improve the lateral control performance.

INDEX TERMS Autonomous vehicle, backstepping control, lateral motion, state observer.

NOMENCLATURE ey = ¥4 —y:  Yaw angle error with respect tg road
{XYZ): Local map coordinate frame /8 Yaw and headlng angle of vehicle on
{xyz}: Vehicle coordinate frame global axis .

Vi Longitudinal velocity at the center of v Yaw Fate of vehicle
gravity (c.g.) of the vehicle 8: Steer%ng angle .
m Total mass of the vehicle On: Stee.rmg whefal angular position N
I: Yaw moment of the inertia of the vehicle Ong: Desu.ed steering wheel angultar position
l (If, 1) Longitudinal distance from c.g. Wh: Steering wheel angular velocity
to (front, rear) tires O Motor angular position
a: (af, o) Slip angle at (front, rear) tires Wpy: Motor angular velocity
Cy: (Cof, Cyr) Cornering stiffness of (front, i Current input of motor
rear) tires T: Input torque of system (7" = K;i)
Fy: (Fyf, Fy,) Lateral tire force on (front, Teps: Drive-assistant torque
rear) tires N ) K;: Motor torque constant
ey: Lateral position error with respect to T, Driver torque
. (vy.r.t.) re.fere'nce N Ty: Friction torque
ey: Time derivative of lateral position error T Road reaction toraue on rack and pinion
w.r.t. reference g . d . 'p
Je Steering column moment of inertia

B.: Steering column viscous damping
The associate editor coordinating the review of this manuscript and K.: Steering column stiffness
approving it for publication was Sara Dadras . M,: Mass of rack
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B,:  Viscous damping of rack

Rp:  Radius of steering column pinion
K,: Tire spring rate

Jm:  Motor moment of inertia

B,,:  Motor shaft viscous damping

I. INTRODUCTION

Advanced driver assistant systems (ADASs) provide ride
comfort and stability for drivers. Recently, these ADASs
have been developed and improved from driver assistance
levels to vehicle control levels. In the vehicle-control-level
ADASS, the control objective can be divided into two types:
longitudinal and lateral motion. The longitudinal motion of
a vehicle is controlled by considering engine dynamics and
aerodynamics. The fuel efficiency of the vehicle’s longitu-
dinal safety from the front vehicle can be improved with
longitudinal motion control. Therefore, many studies on lon-
gitudinal motion control have focused on fuel economy and
maintaining a safe distance. A longitudinal controller fea-
turing better properties than existing ones with respect to
performance and impact on fuel economy and pollution dur-
ing traffic disturbances was introduced in [1]. In [2], [3],
a controller that guaranteed significant stability of vehicle
platoons was presented. A decentralized controller design
scheme with a limited communication structure for heteroge-
neous vehicles was proposed and validated in [4]. An adap-
tive cruise control (ACC) system that could address tracking
capability and fuel economy was proposed in [5], [6].

The lateral control of a vehicle, instead of longitudinal
control, is examined to ensure stability. The lateral control
structure consists of an outer-loop (upper-level) controller
for lateral dynamics and an inner-loop (lower-level) con-
troller for the electric power steering (EPS) system. In the
outer-loop controller, the desired steering angle is obtained
to track the desired lateral position for the lateral position.
Various methods have been studied for the outer-loop control.
A linear quadratic controller and model predictive con-
trol method were previously proposed [7]-[9]. Fuzzy-logic-
based lateral motion controllers were presented in [10]-[12].
An online estimation of inertial parameters was proposed
for lightweight electric vehicles by using a dual unscented
Kalman filter approach [13]. In [14], a backstepping control
scheme using a simple second-order model was introduced
for LKS. In the outer loop (lateral dynamics), the steer-
ing angle is regarded as the system input, although the
input torque is the actual input of the overall system. Thus,
the desired steering angle is obtained by the outer-loop
controller. Then, the steering angle is controlled to track
the desired steering angle by using an inner-loop controller.
In the inner-loop controller, the torque of the EPS system is
calculated to track the desired steering angle.

Several methods have been proposed to improve the
steering wheel tracking performance. A nonlinear hybrid
impedance approach was proposed in [15]. In [16], a second-
order sliding-mode controller with a fuzzy neural network
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was studied. A model predictive control approach for steering
systems was proposed in [17]. Although these previous meth-
ods improved the control performance, only the outer loop or
the inner loop was considered. In other words, the overall sys-
tem, including the lateral dynamics and the EPS system, was
not considered in the controller design. Because the previous
outer-loop controller was designed without considering the
inner-loop system (EPS system), the mismatch between the
desired steer angle and the actual steering angle can result
in poor lateral control performance. Thus, a control method
for the overall system, including the lateral dynamics and the
EPS system, is required to improve the lateral control per-
formance. Recently, in [18], a two-layer controller approach
for the lateral control of vehicles was proposed; however,
the stability of the overall system was not mathematically
proven.

In this paper, we propose a cascaded backstepping control
method with an augmented observer for the lateral control
of an autonomous vehicle. The proposed method is designed
to improve the lateral control performance, while guaran-
teeing the stability of the overall system via a cascaded
backstepping procedure. The proposed method consists of
an outer-loop controller and an inner-loop controller. The
outer-loop controller calculates the desired steering angle
for lateral control in lateral dynamics. From the inner-loop
controller, the torque of the EPS system required to track
the desired steering angle is obtained. Augmented observers
are designed to estimate the complete state and disturbances,
including unknown model parameters and external distur-
bances. Accordingly, augmented observers are implemented
in the outer-loop and inner-loop controllers to improve the
robustness against unknown model parameters and external
disturbances. The stability of the closed loop of the overall
system is proven using the input-to-state stable property.
Controller design with consideration of the overall system can
improve the lateral control performance. The control perfor-
mance of the proposed controller is validated via the vehicle
dynamic simulator CarSim and MATLAB/Simulink. In the
simulation, the proposed cascaded backstepping approach
for a hierarchical system exhibits a stable and reasonable
lane-keeping performance, even in the presence of unknown
disturbances.

Il. CASCADE BACKSTEPPING CONTROLLER
A. CONTROLLER
Let us consider second-order dynamics given by

)'Cl = X2
Xy =gu+d (nH

where d denotes an unknown disturbance including uncertain
system parameters, g iS a system parameter, and u is the
control input. Now, let us define the tracking error as

€] = X1 — X1,

ey = X3 — Xp,. 2)
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Then, we can represent the tracking error dynamics as
follows:

e = ex +xp, — X1,

ér = gutd—io,. 3)
The control input u and the desired value of the second
state x, can be designed as follows to guarantee stability:

X2q = —kier + Xy,

‘= é (haes + i, — ) @)

where k; and k; are positive constants, and d is the bounded
disturbance estimated by the observer that is yet to be
designed. When (4) is applied to (1), the error dynamics can
be expressed as (5)

e1 = —kje1 + e
ér = —krer +d. 5)

Theorem 1: The tracking error dynamics in equation (5)
represent the serial interconnected system with the following
input-to-stable (ISS) property such that

ki 2
le1(r)] leq exp (——t) le1(O) + = sup ex(7)]

1 0<t=<t

ko 2
le2(r)] < exp <——l> le2(0)] + o Sup (). (6)

2 0<t<t

o
Proof: From (5), the dynamics of e% are written as
= —k 2 7
= —Kkoe; + erd

d e%
dr \ 2
ko ko 2 -
< —3e§ —~ <2>|ezl (Iezl — E"”)' (7)

Using Lemma 6.20 and Theorem C.2 in [19], we derive the
following result:

ko 2 ~
le2(#)] < exp <—?f> le2(0)] + o Sup ld(®)l.  8)

2 0<t<t

Equation (8) shows that the relationship between e, and d has
the ISS property. From (5), the dynamics of e% are obtained

as
d e%
dt \ 2

Then,

—kle% + ejep
S-S (2 > le1] (Iell - k—1|€2|> )]

ki 2
ler(r)] < exp (——t> ler(0)] + Ty o Sup lea(D)].  (10)

1 0<t=<t

Equation (10) guarantees that the relationship between e and
e has the ISS property. From (8) and (10), the ISS property
of the overall tracking error system is represented by (6).
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Thus the tracking error dynamics in (5) represent the serial
interconnected system of the ISS system. |
Note that from the ISS property (6), as t — oo

|e1<oo>|5k3 sup |€2(f)|§£ sup |d(t)|. (11)

1 0<r=<o0 2 0<t<00

B. AUGMENTED OBSERVER DESIGN
In this section, the augmented observer is designed to
estimate the unmeasured state and unknown disturbance.
By designing an augmented observer, the backstepping con-
troller can compensate for the effect of unknown distur-
bances. Let us define an augmented state, x, and its observer
state, X, as
T . A A a 1T

xaz[xl X2 x3] ,xaz[xl X2 x3] . (12)
We assume that the disturbance of the given system varies
slowly. With this assumption, the dynamics of d are repre-
sented as the following unknown nonlinear function «(-):

d = Kk(xg, 1). (13)
The dynamics of augmented observer can be written as

%o = Aoka + Bot + Bpp + LoCo (xa — X4)  (14)

where
0O 1 0 0 I
Ao,=10 0 1|, Bo=|g|, Lo=| 1L
0O 0 O 0 I3

Here, C, denotes the measurement matrix depending on the
sensor configuration. ¢ and B, represent additional available
external signals and matrice depending on the system.

Let us define the estimated error as X, = x, — X,. Then,
the estimated state error dynamics become

)Lca = (A, — Loca);ca — Byk (15)

where By = [00 1]T. In this paper, we assume that the
values of disturbances in the system are physically bounded.
Therefore, k is numerically bounded. In addition, there exists
an unknown positive upper boundedness kmax of |« | such that
|d| = k| < Kmax-

By substituting x by X in (4), we get

x, = —kier +x1,,
1 A
i== (—k222 tig, — d) (16)
8
where ¢; = X; — x;,. Equation (16) is incorporated in (30)

instead of (4). Consequently, substituting the estimated state
and disturbance yield the following tracking error dynamics

é = Ape + B,E (17)
where
| =k 1 |0
=[5 Su]e=[i]
£=d—d+ gi— gu
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The overall closed-loop system becomes
¢ = Ape + B.E
Xy = Aoy + Bax. (18)
There exists y > 0 such that

‘d—fi+gﬁ—gu

< ylIxa — Xall. 19)

Theorem 2: The tracking error dynamics (17) have the ISS
property such that

ki 2
le1(r)] < exp <——t> ler(0)] + Ty o Sup lea(7)]

1 0<t=<t

and

ko 2y
le2(r)] < exp <——t> le2(0)] + —= sup [IXa()l.  (20)

k> 2 0<t<t
o
Proof: In (5), the e; dynamics are written as
&y = —kyer +d — d + git — gu. 1)

Then, we have

d 6% ky 2 ko
= (3> =% (%)leleal =0, @

where o1 = 2(|d — d+ gii — gul|)/ky. From (19), we have

o 2ld—d+gi—gul _ 2yl @3)
: k2 Tk

Equation (8) is then rewritten as

k: 2
le2(r)] < exp <—32t> le2(0)] + k_y sup [[Xa(DI. (24

2 0<t<t

Ill. CASCADE APPROACH
Let us consider the cascade system depicted in Fig. 1. The
overall dynamics can be represented as follows:

Se1 = Sep + szd — Sfcld

Sey = g‘Yu +%d — S)'Czd. (25)
where the superscript s € {i, o} denotes the inner-loop and
outer-loop, respectively. Here, the input signal of the outer-
loop, °it, becomes the desired value of the inner-loop. The
actual input of the outer-loop system becomes the output
signal of the inner-loop. Further, the actual input of the

outer-loop that includes the error, °#i,, can be represented as
follows:

%ty = x; = x1, +ey. (26)

From (3), the outer-loop and inner-loop of the cascade system
can be represented as follows:
« Outer-loop
%1 = % + 0)62d — 0)'61(1
%y = g%ug +°d — °x2,. 27
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( Outer-loop

T Vehicle | )

Inner-loop

Outer-loop Inner-loop tu
Backstepping Backstepping EPS System
Controller Controller
Inner-loop

Augmented
Observer

Outer-loop

Augmented
Observer

Lateral Motion
w.rt Road

Ok

L

FIGURE 1. Cascade backstepping structure.

o Inner-loop
iél = iez + ixzd — i)'cld
ey = glu+'d — "%y, (28)
Here, the outer-loop dynamic equation e; becomes
%y = g%uq +°d — in,
= g(ixld +ie1) +%d — °xy,
=g (u + ie1> +0d — %, (29)
Applying the control law (4) yields the following equation:
%éy =g ("u + iel) +%d — %%y,
= —ky%ey +%d + gley. (30)

Now we can represent the overall cascade system as follows
with the backstepping controller (4)

%1 = —k1%e1 + e

%) = —ky%er +%d + g'ey

o) = —ks'e; +en

iéz = —k4iez +1d. 31D

Note that °d + gle; is bounded because both ‘e; and g are
bounded. Then,

0 k2 \ o 2
[“e2(t)] < exp <—?t) 1"e2(0)] + o Sup (@l (32)

2 0<t<t
where p = °d + gley.
Finally, the tracking error dynamics (31) represent the

serial interconnected system with the following ISS property
from Theorem 1.

k 2
|%e1(t)] < exp <—31t) 1?e1(0)] + 7 Sup |e2(7)|
1 0<t<t

ko
°e2(1)] < exp <——I) ?e2(0)| + sup o(7)

0<t<t

. ks 2
l'er®)] < exp( ) 'e1(0)] + T up 'ex (o)l

3 0<t<t
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; ka
l'e2()] < exp (——t> 'e2(0) + sup p(1) (33)

o<t<t
where o = 2(|d — d + git — gul)/ko.

IV. APPLICATION

In this paper, we applied the proposed cascade control to the
lateral control of autonomous vehicles such as in a lane keep-
ing system (LKS). Lateral control of the vehicle is composed
of an upper (outer) controller LKS to follow the given path,
and a lower (inner) EPS controller to follow the target steering
angle from the upper controller. The simplified second-order
model for applying the proposed controller is covered in the
next section.

A. INNER-LOOP ELECTRIC POWER STEERING SYSTEM

We consider a column-mounted EPS (C-EPS) system shown
in Fig. 2. The C-EPS dynamic model can be represented with
motor dynamics and a rack-bar motion dynamics as

I + Bbm = T — 7 (34)
.. . T
M, %y + Brxy + Kyxp = R_P —Fy. (35)
p

ECU H,,\ i
A
a EPS
a system Tc |
2 BRI
1 N1
m g/)
NF——
glyl
A X (&, K ~Ir
M,B,

FIGURE 2. Diagram of EPS.

Further we have the following torque equation at the pinion
Om
T, = Kj, (9 - ﬁ) +N1. (36)

To represent the EPS model in a second-order form,
we assume that the steering column is considerable rigid.
Then, we have 6,, = N6, between the motor and pinion
with the gear ratio, N. In addition, it can be assumed that the
relation between the rack bar, x, and the rotation of pinion,
0p, is linear, i.e., 6, = Rlxr with (34), (35) and (36). Conse-
quently, the second-order C-EPS dynamics can be modeled
as:

O = wp
Beog:  Keg K R,
O = —=26,, — =16, + —" g, — —L_F, + —u
T ey " Teg " TegN " TN g
(37)
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where u is the input torque. Here, F’ is the load force applied
to the rack bar in Fig. 2. We define the following parameters
for the readability of the dynamic equation:

B,R)?
Jog = s Bey = By + N2
K/R)> K
. Keq B,
where ’x =[O oml’, 021 = Jq a2 = KZ’ by = t’

b2 j N and b3
Consequently, the 1nner-loop second-order dynamics of

EPS is given by

i i

X1 = 'x
%) = bi'u+d (39)

where
id = a21i)C1 + azzixz + boF, + b36,. 40)

Here, the subscript i denotes the inner-loop. Now we can
implement the proposed controller (4) using a simplified
second-order EPS model (39).

B. OUTER-LOOP VEHICLE LATERAL MOTION MODEL

In this section, a simplified second-order dynamic model of
the vehicle is derived using the well-known bicycle model.
The bicycle model is used for lateral vehicle dynamics [20],
as described in Fig. 3. The equation for lateral motion is

m@y +rVy) =Fy +F), 41)

yr

FIGURE 3. Bicycle model of the vehicle for lateral dynamics.

where

y+ier
Fyr = 2Cqr (-V—f>
X

v+ Lr
Fy = 2Cqr (— er )

In addition, the equation for the yaw dynamics is described
as

Li=M,. (42)
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To track the desired lane on the road, both the lateral position
error and heading angle with respect to the road are defined
as follows

€y =Y —Vd
ey =Y —Yy. (43)
Then, from (43)
éy = y - yd
= axney + axzey + anéy + bu+ (=Vy +ax) vy
ey =V — Yy
= agey + aszey + aséy + baju + asapy. (44)

Now, let us define outer-loop state °x = ["xl "xg]T as
follows [14]:

°x1 = ey + Ley

%xp = éy+ Ley (45)
where the superscript o denotes the outer-loop, °xy is the
lateral offset error at the look-ahead distance and “x; is the
derivative of °x;. The look-ahead distance L should be cho-
sen considering the longitudinal velocity and maximum road

curvature. We can obtain the dynamic of “x; with constant
velocity using (44) and (45) as follows:

%% = éy + Léy
(a2 + Lasp)éy + (a3 + Lasz)ey + (a4 + Lass)ey
+ (a24 + Lagg — Vi) Wdes + (b21 + Lbar)u. (46)

Consequently, the second order dynamics for lateral control
are given by

0561 = Oxz
%% = g,°u+°d 47)
where

8o = b21 + Lby
d = (a2 + Lag)éy + (a3 + Lagz)ey + (axs + Lasg)eéy
+ (a4 + Lass — Vi) Wes. (48)

Here, the convergence of x| and °x; guarantees that both
ey and ey are uniformly and ultimately bounded [14].
In other words, an LKS that satisfies the bounded error even
with a simple second-order vehicle model can be designed.
Finally, a cascade backstepping controller with an augmented
observer using an inner-loop (39) and outer-loop (47) can be
designed.

V. COMPUTATIONAL SIMULATIONS

A. SIMULATION SETUP

In the simulations, both the dynamic vehicle model in CarSim
and the 4th-order nominal EPS model in [21] were used
to validate the proposed algorithm. The proposed controller
based on a simplified second-order model was implemented
via MATLAB/Simulink. The sample times of the inner-loop
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EPS model and the outer-loop vehicle model were 10 ms and
100 ms, respectively. The parameters of a C-class hatchback
in CarSim were used for the vehicle controller.

We applied a sine function with a magnitude of 5 Nm
as the inner-loop EPS disturbance in consideration of the
driver’s disturbance and the uncertainty of system parame-
ters. In addition, we considered that the difference between
CarSim which contains high-order vehicle dynamics, and
the simplified second-order model is the disturbance of the
outer-loop vehicle model. Fig. 4 shows the reference roads for
the high-speed and low-speed simulations, where the vehicle
traveled at speeds of 80 km/h and 30 km/h, respectively.
In this simulation, we set two different fixed look-ahead
distances (L = 1 m for 80 km/h and L = 4 m for 30 km/h) for
two cases depending on the longitudinal velocity and max-
imum road curvature. For comparison, the previous method
(denoted as BTSP+BLF), which consists of barrier Lyapunov
function (BLF) algorithm [22] for the outer-loop system and
a backstepping controller for the inner-loop system was used.
We can verify the lane keeping performance of the proposed
algorithm through lateral offset error and heading angle error.

0

-100 -

E -200 - / / / t= $OS

t=10s t=20s t = 30s

t=50s

-300 [

0 200 400 600 800 1000
X [m]

(a) Reference road for high speed case (80 km/h)

150

100
50 -

= 50+
-100 -
-150 [

-200 -
v\ t=150s

250 ‘ ‘ ‘ ‘
-200 -100 0 100 200 300
X [m]

(b) Reference road for low speed case (30 km/h)

FIGURE 4. Reference roads for both cases.

B. RESULTS OF HIGH-SPEED CASE, 80 KM/H

The estimation performance of the proposed method for the
high speed case is shown in Fig. 5. The overall state of the
inner-loop system is shown in Fig. 5(a). Here, ‘x; denotes
the motor angle, ixz denotes the rate of the motor angle, and
’x3 denotes the disturbance of the EPS. The proposed aug-
mented observer shows reasonable performance in the esti-
mation of ‘xi. It is also evident that the motor angle x|
changed as the vehicle entered the curved road at 12 s. The
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steering wheel angle at the first curve was approximately 15°.
Owing to the difference between the 4th-order steering model
for the EPS system and the 2nd-order steering model for the
controller, there was a disturbance when the vehicle entered
or exited the curved road. Note that the disturbance also
included the sinusoidal disturbances that we added.

In Fig. 5(b), the state of the outer-loop system is described.
Here, ?x; denotes the lateral offset at the look-ahead distance,
%x, denotes its rate, and °x3 denotes disturbance of lateral
dynamics. In particular, °x3 includes the nonlinear character-
istics of vehicle dynamics and the parameter uncertainties.
The estimation of °x; is found to be highly accurate. The
nonlinearity of the vehicle increases as the radius of curvature
decreases. This nonlinearity became a disturbance for the

20
50
measure
-20 :
0 10 20 30 40 50
50 T
i i i TR
- Iy Al i sy
2o i oo s el e Al
I u [H )
. ’ i
L i
50 ‘ ‘ ‘ ‘
0 10 20 30 40 50
1000 T
A o
> SR I T
K 0 Vi e b N vy o il ¥
[ i [ i
LI !
-1000 3
0 10 20 30 40 50
time [s]

(a) State variables of inner-loop EPS system

measure

0 10 20
0.05 [ L
d df

0 —--MAMWA-’!;‘i!'#J‘Mi At

! i

0.05 - 1
-0.1 :
0 10 20 30 40 50
‘ : | R
200 i prememenl
ey i -
P i e
- ! { ! '
E o prmrmnn A ed A ]
) 1 H ¥
1 !
[ af
-200 - | ! i | 1
0 10 20 30 40 50

(b) State variables of outer-loop lateral dynamics

FIGURE 5. Estimation performance of proposed method for the high
speed case.
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second-order lateral dynamics. We observe that the magni-
tude of the disturbance increases when the vehicle travels on
a curved road.

The lane keeping performances of both the proposed
method and the previous method can be validated using
Fig. 6. The tracking errors of both methods are shown
in Fig. 6(a). The proposed method maintained the vehicle at
the center of the lane within approximately e, = 40.1 m.
In addition, the maximum absolute value of the heading angle
error was less than 0.012 rad on a severe curved road. In the
high-speed simulation, the road radius gradually decreased.
The difference between the lateral control performances of
the two methods is the evident when the curvature of the
road was the most severe at 45 s. Near 45 s, the tracking
errors of the previous method increased compared to the
proposed method. Furthermore, the oscillations occurred.
At the end of the curve, the proposed method shows a
more stable response without oscillations. On the other hand,
the previous method had oscillations. Consequently, the input
of the previous method also had oscillations compared to the
proposed method as shown in Fig. 6(b). The yaw rate and
lateral acceleration of the vehicle during the simulation are
depicted in Fig. 6(c) We confirmed that even if disturbances
occur in the inner and outer systems, the proposed algorithm
achieves stable and reasonable lane keeping performance
unlike the previous method.

C. RESULT OF LOW-SPEED CASE, 30 KM/H

The estimation performance of the proposed method for the
low speed case is shown in Fig. 7. The overall state of
the inner-loop system is shown in Fig. 7(a). The proposed
augmented observer shows reasonable performance in the
estimation of ‘x;. The motor angle ‘x| changed as the vehicle
entered the curved road at 12 s. The steering wheel angle at
the first curve was approximately 35°. Owing to the differ-
ence between the 4th-order steering model for EPS system
and the 2nd-order steering model for controller, there was
a disturbance when the vehicle entered or exited the curved
road. Note that the disturbance also included the sinusoidal
disturbances that we added.

In Fig. 7(b), the state of the outer-loop system is described.
In particular, °x3 includes the nonlinear characteristics of
vehicle dynamics and parameter uncertainties. The estima-
tion of “x; was found to be highly accurate. The nonlinearity
of the vehicle increases as the radius of curvature decreases.
This nonlinearity became a disturbance for the second-order
lateral dynamics. We observed that the magnitude of the
disturbance increases when the vehicle travels on a curved
road.

The lane keeping performances of both the proposed
method and the previous method can be validated through
Fig. 8. The tracking errors of both methods are shown
in Fig. 8(a).

The proposed method maintained the vehicle at the cen-
ter of the lane within approximately e, = +£0.1 m.
In addition, the maximum absolute value of the heading angle
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FIGURE 6. Lateral control performance of proposed and previous
methods for the high speed case.

error was less than 0.2 rad on a severe curved road. In the
low-speed simulation, the road radius continuously varied.
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FIGURE 7. Estimation performance of proposed method for the low
speed case.

The difference between the lateral control performances of
the two methods is evident where the road curve was rela-
tively severe from 60 s to 69 s and from 208 s to 213 s. From
60 s to 69 s and from 208 s to 213 s, the tracking errors
of the proposed method were less than those of the previ-
ous method. Furthermore, the input of the previous method
also had oscillations compared to the proposed method as
shown in Fig. 8(b). The yaw rate and lateral acceleration of
the vehicle during the simulation are depicted in Fig. 8(c).
‘We confirmed that, even if disturbances occur in the inner and
outer systems, the proposed algorithm achieved stable and
reasonable lane-keeping performance, unlike the previous
method.
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FIGURE 8. Lateral control performance of proposed and previous
methods for the low speed case.

VI. CONCLUSION
In this paper, we proposed a cascaded backstepping control
method with an augmented observer for the lateral control of

VOLUME 9, 2021

an autonomous vehicle. The proposed method was designed
to improve the lateral control performance, while guaran-
teeing the stability of the overall system via a cascaded
backstepping procedure. The proposed method consists of an
outer-loop controller for lateral dynamics and an inner-loop
controller for the EPS system. Augmented observers were
implemented in both the outer-loop and inner-loop controllers
to improve robustness against unknown model parameters
and external disturbances. Through simulations, it was shown
that the proposed method guaranteed stability and improved
lateral control performance under unknown model parame-
ters and external disturbances. In future works, we plan to
study lateral control methods by considering the time delay
owing to communication.
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