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Abstract. To achieve anti-crosswind, anti-sideslip, and anti-rollover in trajectory-tracking for Four-Wheel Steering (4WS)
autonomous vehicles, a trajectory-tracking controller based on a four-channel Active Disturbance Rejection Control
(ADRC) was used to track the desired lateral displacement, longitudinal displacement, yaw angle, and roll angle, and
minimize the tracking errors between the actual output values and the desired values through static decoupling steer-
ing and braking systems. In addition, the anti-crosswind, anti-sideslip, and anti-rollover simulations were implemented
with CarSim®. Finally, the simulation results showed that the 4WS autonomous vehicle with the controller still has good
anti-crosswind, anti-sideslip, and anti-rollover performance in path tracking, even under a small turning radius or low-
adhesion curved roads.

Keywords: four-wheel steering, curved trajectory-tracking, active disturbance rejection control, anti-crosswind, anti-side-

slip, anti-rollover, CarSim®.

Introduction

Autonomous vehicles often encounter extreme conditions
in trajectory-tracking, such as crosswinds, high-speed
driving, small turning radius, and low-adhesion curved
roads. The question of how to improve the safety and sta-
bility of autonomous vehicles while achieving accurate tra-
jectory-tracking under these extreme conditions is critical
(Sun et al. 2018).

Crosswinds occur in areas with good air mobility, such
as open plains, bridges, tunnel entrances and exits, moun-
tains, and the seaside. When the vehicle encounters strong
crosswinds, the body will sway left and right or even drift
oftf (Maruyama, Yamazaki 2006). In terms of anti-cross-
wind, Demirci and Gokasan (2013) used an adaptively
optimized distribution method that properly distributes
the yaw moment to prevent vehicles from drifting off due
to crosswinds. Nagai et al. (2002) designed a coordinated
control system based on optimal control theory for the
steering angle and braking force to improve the anti-cross-
wind performance. Rollover is divided into two categories:
tripped rollover and un-tripped rollover. The un-tripped

rollover refers to the rollover caused by excessive lateral
acceleration during high-speed emergency steering. To in-
crease under-steer and prevent vehicle rollover, the most
common way is to reduce the yaw rate through Direct
Yaw-moment Control (DYC) or active steering control in
addition to reducing vehicle speed (Yim et al. 2012). In
Chiu et al. (2010), a robust rollover prevention controller
based on differential braking showed good anti-rollover
performance in an elk-test. In Zhao and Taheri (2012), a
multi-objective anti-roll control system was used to im-
prove the anti-rollover performance of heavy vehicles.

A small turning radius and low-adhesion curved road
can affect the trajectory-tracking performance of autono-
mous vehicles (Li, Yu 2010). Four-Wheel Steering (4WS)
or DYC is generally an effective measure to improve the
trajectory-tracking performance of vehicles under these
curved roads. First, when it comes to vehicles with 4WS,
to prevent them from losing steering ability and reduce
the sideslip, their yaw rate response is generally set to a
first-order lag response, and their sideslip angle response
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is generally set to 0 (Shibahata et al. 1986; Furukawa et al.
1989; Sano et al. 1986; Nikravesh, Lee 1993). In Hirao-
ka et al. (2004); Kazemi and Shirazi (2012); Zhang et al.
(2018), a trajectory-tracking controller based on sliding
mode control was used to improve the stability and safety
performance of the 4WS vehicle in trajectory-tracking
under different speeds and road conditions. In Liu et al.
(2018), a trajectory-tracking controller consisting of 4WS
feed-forward and Linear Quadratic Regulator (LQR) feed-
back was used to improve tire lateral force saturation and
reduce 4WS vehicle sideslip under high-speed emergency
obstacle avoidance. Second, for vehicles with DYC, a DYC
based on fuzzy logic was used to improve the safety and
stability of 4WS vehicles by tracking the desired yaw rate
and sideslip angle under different road adhesion coeffi-
cients in (Zeyada et al. 1998; Boada et al. 2005; Sun et al.
2013). In (Li et al. 2012; Ji et al. 2014), a DYC based on
Model Predictive Control (MPC) was used to enhance the
4WS vehicle stability in a critical running condition. Fi-
nally, for vehicles with 4WS and DYC coordinated control,
an integrated control system of 4WS and DYC based on
a model matching controller was used to follow the de-
sired dynamic model in research by Nagai et al. (1997). In
works by Zhou et al. (2009); Song (2012), a 4WS and DYC
integrated control system based on fuzzy control was used
to improve the stability and safety of 4WS vehicles at high-
speeds. Zhu and Zong (2009) used an integrated control
of 4WS and DYC based on optimal control to improve the
safety and stability of 4WS vehicles by tracking the desired
sideslip angle and yaw rate.

At present, there are several common trajectory-
tracking control methods for autonomous vehicles: the
trajectory-tracking control method based on geometric
kinematics, the trajectory-tracking control method based
on vehicle dynamics and the trajectory-tracking control
method based on fuzzy neural network. The most popular
trajectory-tracking control methods based on geometric
kinematics are “pure pursuit” trajectory-tracking control
methods and “stanley control” trajectory-tracking con-
trol methods. These control methods can eliminate the
lateral displacement deviation of the vehicle by adjusting
the Front-Wheel Steering (FWS) angle. However, due to
ignoring the changes in the rotational inertia, tire lon-
gitudinal stiffness, tire corner stiffness, and tire vertical
load and other vehicle parameters, the trajectory-tracking
performance of the vehicle based on these control meth-
ods under high-speed and sharp steering conditions has
been reduced (Hoffmann et al. 2007; Urmson et al. 2009;
Yang et al. 2017). The most popular trajectory-tracking
control methods based on vehicle dynamics are the opti-
mal preview trajectory-tracking control method and the
MPC trajectory-tracking control method. These control
methods also eliminate the lateral displacement devia-
tion of the vehicle by adjusting the FWS angle. However,
there are great difficulties in the selection of control pa-
rameters such as preview time, predicted time domain, or
control time domain (MacAdam 1980; Ming et al. 2016).

The fuzzy control rules of the trajectory-tracking control
method based on fuzzy neural network come from a lot of
neural network training. This control method can elimi-
nate the lateral displacement deviation of the vehicle by
adjusting the FWS angle in the steering system, and can
also eliminate the yaw angle deviation of the vehicle by the
braking force in the braking system. However, this con-
trol method requires a large number of accurate training
data samples, and there is a large subjectivity in generating
tuzzy control rules (Li, Gao 2006; Duong et al. 2018).

As we all know, the steering and braking systems of
vehicles are nonlinear and coupled. Although the above
LQR, fuzzy neural network, sliding mode, and MPC con-
trols have significant inhibitory effects on external distur-
bances, they still have some limitations with regard to the
control of non-linear and coupled systems (Ren et al. 2011;
Cheng et al. 2011; Chen et al. 2018). To solve the non-lin-
ear and coupled problems, an Active Disturbance Rejec-
tion Control (ADRC) is used. The ADRC can observe and
compensate the external disturbances without an accurate
mathematical model. In works by Sang et al. (2015) and
Wu et al. (2018), the trajectory-tracking controller based
on ADRC (two channels) is used in the steering system of
FWS vehicle. In this paper, a trajectory-tracking controller
based on ADRC (four channels) is used to decouple the
steering and braking systems of 4WS vehicle. The control-
ler can track the desired lateral displacement, longitudinal
displacement, yaw angle, and roll angle, and minimize the
tracking errors between the actual output values and the
desired values through steering angle and wheel brake cyl-
inder pressure. Finally, the anti-crosswind, anti-sideslip,
and anti-rollover CarSim® simulations verify the effective-
ness of the controller.

The rest of this paper is organized as follows. First, Sec-
tion 1 describes a conversion method between the target
trajectory and the initial input of 4WS autonomous vehicle.
Then, in Section 2, a trajectory-tracking controller based
on ADRC (four channels) is designed. Furthermore, the
anti-crosswind, anti-sideslip, and anti-rollover CarSim®
simulations are implemented in Section 3. Finally, the last
section presents the conclusions of the work.

1. Conversion between the target trajectory and
the initial input of 4WS autonomous vehicle

1.1. Target trajectory

Taking the restrictions of the travel anti-clockwise and
the second quadrant as an example, the circular bend is
a right angled circular bend (single circle center), and its
corner angle a is 90°. For detailed trajectory planning pro-
cess, see research by Liu et al. (2020). The circular bend
with right angle is shown in Figure 1. The polar coordinate

equation for the desired circular bend is shown as follows:
Xd:XO+R-cos(9); N
Y, =Y, +R-sin(0),

where: t is the driving time [s]; R is the turning radi-
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Figure 1. Circular bend with right angle (single circle center)
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on vehicle coordinate system; (X)), Y, is the circle center

coordinate; Y; is the desired lateral displacement based
on a ground inertial coordinate system; X is the desired
longitudinal displacement based on a ground inertial co-
ordinate system; the turning radius R is 37.5 m; the circle
center coordinate is (X, Y;) = (262.5, 37.5); the initial
coordinate of the autonomous vehicle is (0, 0); the ending
coordinate of the autonomous vehicle is (300, 300).

; u. represents the longitudinal speed based

1.2. Conversion between the target
trajectory and the desired yaw rate

Considering the conversion relationship between the vehi-
cle coordinate system and the ground inertial coordinate
system, after the derivative of the function X; with respect
to X, the function of the desired yaw angle Q; with re-
spect to X; is shown as follows:

180-arctan(Y; (X, ))

Q,(X,) - . )

Then, the function of the Q; with respect to X, is
transformed into the function of the Q; with respect to
t. After the derivative of the function Q; with respect to
t, the function of the desired yaw rate r; with respect to ¢
is shown as follows:

n-Qy (t)
r(t)=———=. (3)
(=55
1.3. Conversion between the desired yaw rate and
the initial input of 4WS autonomous vehicle

From the perspective of vehicle dynamics, the transfer
function from steering wheel angle to yaw rate under
transient-state conditions is an approximate second-order
lag system response (Cao et al. 2013). To simplify the cal-
culation in the conversion of the desired yaw rate and the
desired steering wheel angle, the desired steering wheel
angle 3, is described as follows:
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r
__'d
W= (4)
rd
where: G,; is the desired steering sensitivity coeffi-

cient (desired yaw rate/desired steering wheel angle),
u
Gy= ————
M Aty 1K - u?
m~(b-Cm —a-Cuf)

2-Cy-C,,

; K is the stability factor, K =

Finally, the yaw rate and sideslip angle responses of the
4WS autonomous vehicle in this paper are set to a first-
order lag response (Tajima et al. 1999). Combined with
the system dynamics model of the 4WS autonomous ve-
hicle (Amdouni et al. 2013), the initial inputs of the 4WS
autonomous vehicle are shown as follows:

Sals) _, .
So(s)
sw (5)
Srd(S):ez;

e .
! I-Cy 1+7Ty s
l-a-C
I,-s+m-b-u, + o
U . Grd .
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where: s is the Laplace operator; 8, 8, represent the desired
front- and rear-wheel steering angles of the 4WS autono-

mous vehicle, respectively; T, = .
PGy Co (11K 2)

2.
c

uz-m-I,

2. Trajectory-tracking controller based on ADRC

Due to some factors such as tire nonlinearity, load transfer,
road adhesion, and crosswind, autonomous vehicles will
experience run-off, sideslip or rollover in path tracking.
To avoid these problems, ignoring the effects of suspen-
sion system, road roughness, and air resistance, an ADRC
controller capable of static decoupling steering and brak-
ing systems was used to track the desired yaw angle, lateral
displacement, and roll angle and minimize the tracking
errors between the actual values and the desired values,
thus achieving effective anti-crosswind, anti-sideslip, and
anti-rollover in trajectory-tracking.
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2.1. Trajectory-tracking controller based
on ADRC (three channels)

Considering the longitudinal, lateral and yaw move-
ments of autonomous vehicles in trajectory-tracking, we
designed a three channel ADRC trajectory-tracking con-
troller, where the three channels represent the control of
the longitudinal, lateral and yaw movements for autono-
mous vehicles, respectively. It can not only compensate
the errors of actual and desired longitudinal and lateral
displacements by the steering angle but also compensate
for the errors of actual and desired yaw angles by yaw
moment. The state equations of the second-order linear
control systems for the three channels are described as:

X = Xy3
5:2:fl(t)+w1(t)+bl~Uf+b2-u1;
Xy = Xy;
9'c4=f2(t)+w2(t)+b3~Uf+b4~u1+b4ou2;
X5 = X3
o= fy () +ws (£)+bs Uy +bg 1y +b -1ty +b; -t
1 =%
Y2 = X35
V3 = X55
b-C_.—a-C C.+C
if af ar
fl(t): ar a . v
. m-u, m-u, Y
If-S C, s
fz(t): fmf+ lrm r;
b-C_.—a-C a?-C.+b%-C
f3(l’)= ar af 'Vy— af ar o
I, -u, I, -u,
b = C“f+clf.sf Car+clr'5r .
e m ’ m ’
:Caf+clf'5f_
m b
b Cof (vy+a-r) Cm~(vy b r)
3_ > >
m-u, m-u,
C.-|\v, +ar
b4:—af ( . );
m-u,
. a-Cy +a-Cy -5y _b'car+b'clr'5r)
5_ > >
IZ IZ
a'Caf+a'le'5f
bs = i ;
1 z
b, =—,
I, (6)

where: r is the yaw rate based on vehicle coordinate sys-
tem; ¥;, ¥,, ¥3 are the outputs of three channels, that is,
=Y, y,=X, y3=Q; u; (FWS angle), u, (FWS angle), u,

(yaw moment) are the actual feedback controls of three
T
-0 S
channels; Uf = L ,n—rd
180 180

ternal and external disturbances of three channels. Setting
v =Y, vy =X, y3 =Q the ADRC algorithms of three

; Wi, Wy, w3 are the in-

channels are shown as follows:

fh=-13 '(Vu_)’;)_z"’o"’u;

Y11 = V125
vy = fhs
€=z~ Yp5

fezfal(e, O.S,h);

fe, =fal(e, 0.25, h);

211 =21 —Bo1 & (7)
215 =213 =By - fe+Uy;

213 =—PBos - fers

€ =V~ 215

€ =V13 2125

U, :—fhan(el,c-ez,rl,hl);

Uy =uy—2z3;

fh=-15 '("21‘)’;)_2"'0“’22;

Vo1 = V225
vy = fhs
€=251 =)

fe= fal(e, O.S,h);

fe, = fal(e, 0.25, h);

2y =23 —Po1 "6 (8)
Zyy =253 —Boyp - fe+Uy;

253 =—Pos - fers

€ =Vy1 — 215

€ =V — 25

Uy = —fhan(el, c-ey, M, h1)5

U, =uy —253;

fh=-1g '(‘%1‘)’3)_2"0 V323

V31 = V325
V3 = s
€=231 -3

fe=fal(e,0.5,h);

fe, =fal(e,0.25, h);

23 =23, —Po1 & 9)
23y =233 —Boy - fe+Uss

233 =—Pos - fers

€ =V31 — %315

€ =V3p — 2335

Uy =—ﬂ1an(el,ce2,r1,hl);

Us =uy — 233,

where U, U,, U; are the virtual feedback controls; h, h;
are the integral steps, h = 0.001; h; = 0.1; ry, r; are the
tracking speed factors, ry = 20, r; = 5; ¢ = 1; Bgy> Boz Bos
are the ESO parameters, By; = 100, By, = 300, By3 = 1000;
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fal(-) is a nonlinear function; than(-) is a tracking differ-
ential function (Han 2009).

The ADRC controller consists of three modules: track-
ing differentiator, Extended State Observer (ESO), and
state error compensation law (Xia et al. 2016). First, the
tracking differentiator is to plan the desired target conver-
sion and provide a valid error signal. Its tracking goals are:
v =Yy, vy > Y, vy o Xy, vy, o Xy, vy > Qy, and
V3y —>Qd. Second, the ESO is to estimate the state pa-
rameters and disturbances of the control system. Its target
valuesare: z;, > Y, 2, > Y, 23 = f; (t) +w, (t)—i—bl Uy,
23 > X, 25y > X, 293 > o (1) 4wy (1) +b5 U 23 > Q,
23, > Q, and z3; - f; (t) + W, (t) +b;-Uy. Third, the
state errors of the lateral displacement, longitudinal dis-
placement, and yaw angle are compensated dynamically
by the state error compensation laws in Equations (7)-(9).
Finally, through static decoupling of virtual feedback con-
trols U;, U,, and Us, the actual feedback controls of three
channels are expressed as:

-1

U U | |b, 0 0 U,
u, [=B'-|U, |=|by by 0| -|U,| (10)
Uz Us bs bs by Us

2.2. Trajectory-tracking controller
based on ADRC (four channels)

To realize the anti-rollover of autonomous driving vehi-
cles, an ADRC trajectory-tracking controller (four chan-
nels) considering rollover is designed. The controller
introduces a fourth channel to control the roll motion,
thereby interfering with the roll motion of the vehicle. In
addition to tracking the desired lateral displacement, lon-
gitudinal displacement, and yaw angle, the controller can
also prevent rollover by tracking the desired roll angle ¢,.
Since the fourth channel in this controller is exactly op-
posite to the control rules of the first three channels (see
Table 1 of the control rules for details), the anti-rollover
function of the fourth channel comes at the expense of
the path-tracking performance of the vehicle. To reduce
the trajectory-tracking errors as much as possible while
achieving rollover prevention, the anti-rollover control
method is activated only when the lateral acceleration is
greater than the rollover threshold and is stopped when
the actual lateral acceleration is less than the rollover
threshold (Solmaz et al. 2007; Larish et al. 2013). The
rollover threshold of the autonomous vehicle is set to
Tw g
A, =2 1h.g, 11

ylim Z-ha (I) g (11)
where: ¢ is the road slope angle. The desired roll angle ¢,
is described as (Piyabongkarn et al. 2004):

0, = arctan(uc‘;d j . (12)

The Load Transfer Rate (LTR) is selected as the rollo-
ver index to determine the degree of rollover occurrence
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(Braghin et al. 2008). It indicates the vertical LTR of the
left and right wheels. Its calculation formula is shown as
follows:

E_-FE
LTR=-2_"42 (13)
Fzr +le

where: F; and F, are the dynamic vertical loads of the left
and right wheels, respectively. The absolute value of LTR
is between 0 and 1. The greater the absolute value, the
greater the risk of rollover. When the absolute value is 1,
it indicates that the vehicle has rollover. The state equation
of the second-order linear control systems for the fourth
channel is described as:

X, = Xg;
5c8=f4(t)+w4(t)+b8~Uf+b9-u1+b9-u2+b9-u4;
V4 =X75
f (t): m-a, _b-Cm—a'Cafr+ Cor +Coy Y
! ms'hs ms'hs'uc ms'hs'uc ”
b. = _C“f _Car .
8 ms-hs’ms'hs ’
—C
by=—9
m - h (14)

where: a,, is the lateral acceleration based on vehicle coor-
dinate system; y, = @ is the output of the fourth channel;
uy (FWS angle) is actual feed-back control of the fourth
channel; w, is the internal and external disturbances of the
fourth channel. Setting y, =@, , the ADRC algorithm of

the fourth channel is shown as follows:

fh=-13 '(%1‘)’2)_2'%"’42;

Va1 = Va5
vy = fh
€=24 ~ Y45

fe=fal(e,0.5,h);

fe, =fal(e, 0.25, h);

2y =24 —Bo1 & (15)
2y =243 —Ppy - fe+Uys

243 =—Pos " fer3

€ =Vy1 ~ 2415

€ =V — 2y

U, :—fhan(el,c-ez,rl,hl);

Uy =ty =243,

where: U, is the virtual feedback control. The track-
ing goals of the tracking differentiator are: v,; — ¢,
V4 —> @45 and the target values of the ESO are: z,; —> o,
Zy >0, 245> fy (z‘)+w4 (t)+b8 -Uy. The state error of
the roll angle is compensated dynamically by the state er-
ror compensation law in Equation (15). Finally, through
static decoupling of virtual feedback controls U}, U,, Us,
and U,, the actual feedback controls of four channels are
expressed as:
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-1

" u] 6, 0 0 o [u,
wy| oo |Uy| |t by 0 0] |U,
uy |78 UL [T b b b, 0 Uy |t (1O
v, U, | |b b 0 b| |U,

When the lateral acceleration of the autonomous ve-
hicle in trajectory-tracking is greater than the rollover
threshold, the actual feedback controls of the controller
are u,, U, U3, and u,. When the lateral acceleration is less
than the rollover threshold, the actual feedback controls
of the controller are only u, u,, and u;.

Finally, the u; (FWS angle [rad]), u, (FWS angle
[rad]), u; (yaw moment [N-m]), and u, (FWS angle [rad])
are converted to u; (FWS angle [°]), u, (FWS angle [°]),
u; (wheel brake cylinder pressure [MPa]), and u ; (FWS
angle [°]), respectively. The feedback inputs of the autono-
mous vehicle are shown as follows:

R. Liu et al. A trajectory-tracking controller for improving the safety and stability of four-wheel steering ...

To prevent rear-wheel lockup in trajectory-tracking,
for the CarSim® brake system, the brake torque / wheel
brake cylinder pressure values of the left and right front-
wheels were set to y = 300 N-m/MPa, and the brake
torque / wheel brake cylinder pressure values of the left
and right rear-wheels were set to y = 150 N-m/MPa. The
total control algorithm flow chart of the trajectory-track-
ing controller (four channels) is shown in Figure 2. The
general control rules of the controller are shown in Table
1, where: LF - Left Front and LR - Left Rear wheels, re-
spectively, while RF - Right Front and RR - Right Rear
wheels, respectively.

3. CarSim® simulations

3.1. Four different trajectory-tracking controllers

Four different trajectory-tracking controllers for autono-
mous vehicles in the following simulations are shown as

180
%
U =—-U; follows:
2“ R »» the trajectory-tracking controller based on an op-
uy = Yoy timal preview is defined as controller 1, which is a
T,-v (17) trajectory-tracking controller for FWS vehicle. The
=180 red vehicle in the following simulations represents
- b
3 T controller 1;
g = 180 u »» the trajectory-tracking controller based on ADRC
4 4 (two channels) is defined as controller 2, which is a
Y Y+ €
d Tracking Feedback -
differentiator | 12— ;@i» control law - u
1
4
2 Extended state |
zZ, observer Y
De LET ¢
d Tracking 4’®—> Feedback ;
differentiator |¥2 ~A ;@&» control law
v
2y Extended state | X ﬁ
Zy observer
o) vad a1 v 1
d Tracking 4’®—> Feedback . 3
differentiator | V32 —A ;®i> control law
4
Z3, Extended state | Q
Z3 observer
I Yt a1 u
d Tracking 4’®—> Feedback : 4
differentiator | Y42 —A ;@i, control law
A
Zy Extended state | @
Z4 observer

Figure 2. Total control algorithm flow chart of the trajectory-tracking controller (four channels)
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Table 1. The general control rules of the trajectory-tracking
controller (four channels)

Decision FWS angle Wheel brake cylinder
condition | (positive and negative) | pressure (brake wheel)
Y-Y;>0 |u <0 (right turn) -
Y-Y;<0 | u >0 (left turn) -
X-X;>0 | u;>0 (left turn) -
X-X;<0 | uy;<0 (right turn) -
Q-Q,;>0 - u; acts on RF and RR
Q-Q,;<0 - u; acts on LF and LR
¢ -0;>0 uy <0 (right turn) -
P-9 <0 uy >0 (left turn) -

Note: CarSim® specifics: steering angle (left turn is positive, right
turn is negative); roll angle (left turn is positive, right turn is
negative).

trajectory-tracking controller for 4WS vehicle. The
blue vehicle in the following simulations represents
controller 2;

»» the trajectory-tracking controller based on ADRC
(three channels) is defined as controller 3, which
is a trajectory-tracking controller for 4WS vehicle.
The green vehicle in the following simulations rep-
resents controller 3;

»» the trajectory-tracking controller based on ADRC
(four channels) is defined as controller 4, which is a
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trajectory-tracking controller for 4WS vehicle. The
white vehicle in the following simulations repre-
sents controller 4.

Controller 1 based on the optimal preview control had
been applied to the trajectory-tracking model of CarSim®
software, and its detailed control process is described in re-
search by MacAdam (1981). In addition, the overall block
diagrams of controllers 2, 3 and 4 are shown in Figure 3.

A front-drive vehicle model (D-class Sedan) of Car-
Sim® was used in the following trajectory-tracking simula-
tions. Some of the main parameters for the vehicle model
are shown in Table 2.

3.2. Anti-crosswind simulation

When vehicles are driving on the an icy and snowy road
(road adhesion coefficient p = 0.1...0.3), the vehicles are
prone to running off due to crosswind interference. We
hoped that autonomous vehicles would have good tra-
jectory-tracking performance even under crosswind and
snowy road conditions.

A one-way single-lane road was used as an anti-cross-
wind simulation path, and the width of the lane was 8 m.
The p of the icy and snowy road was set to 0.2, and the p
of the dry asphalt road was 0.85. The crosswind fans pro-
duce 100 km/h wind from the right side, as well as the left
side. Since the aerodynamic force is applied at the vehicle
reference point, the torque around the Centre of Gravity
(CG) is produced. The vehicle speed was set to 80 km/h.
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Figure 3. Overall block diagrams: a — controller 2; b - controller 3; ¢ — controller 4
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Table 2. Parameters of a D-class sedan

Model parameter Notation|  Unit Value
Yaw moment of inertia I kgm? | 4607.47
Roll moment of inertia I kg-m? 708.22
Total mass of vehicle m kg 1530
Sprung mass of vehicle my kg 1370
Distances from vehicle CG

a m 1.11

to front axle
Distances from vehicle CG b m 1.66622
to rear axle
Track width T, 1.55
Wheel radius R, m 0.335
Vehicle wheelbase I m 2.77622
Roll arm distances between b m 04
CG to roll center s )
Distances from CG to ground | A, m 0.54
Vehicle height hg m 1.471
Vehicle length N m 4.52
Vehicle width Wy m 1.8
Roll stlffne.ss coeflicient K Nem/rad | 55000
of suspension ¢
Roll dampmg coefficient c Nemes/rad | 3500
of suspension @
Initial transmission ratio ; 23
of 3, to & 0
Front-wheel optimal slip ratio Sf 0.2
Rear-wheel optimal slip ratio S, 0.2
Static cornering stiffness
o fromt anlo Cy | Nirad | 195874
Static cornering stiffness C N/rad 140574
of rear axle ar
Longitudinal stiffness q N/rad 171480
of front axle If
Longitudinal stiffness C, N/rad 114220

of rear axle

The animation effects for three different vehicles are shown
in Figure 4a, where the blue dashed line is the target path,
that is, Y; = 0. The speed and heading of the crosswind are
shown in Figure 4b, 4c, the lateral displacements and yaw
angles are shown in Figure 4d, 4e, and the steering angles
and four brake cylinder pressures are shown in Figure 5.

Figure 4 shows that the red and blue vehicles experi-
enced run-off under the influence of the crosswind, but
the green car did not. As shown is Figure 5e, 5f, when
the green vehicle was driving at the first crosswind fans
(the time was about between 1 and 3 s), to prevent the
vehicle from driving to the right, u; >0 (left turn), u, >0
(left turn), and u; acted on LF and LR; when the green
vehicle was driving at the second crosswind fans (the time
was about between 4 and 6 s), to suppress the tendency of
the vehicle to travel to the left, u; <0 (right turn), u, <0
(right turn), and ug acted on RF and RR.

3.3. Anti-sideslip simulation

When it comes to steering on a wet and slippery road (the
road adhesion coefficient p = 0.5...0.6), vehicles (front-

drive) are often found to visibly push ahead or rush out
of the runway (under-steer). We hoped that autonomous
vehicles would effectively reduce sideslip in trajectory-
tracking, especially under a small turning radius and wet
curved roads.

A one-way four-lane road was used as an anti-sideslip
simulation path, and the width of each lane was 3.5 m.
The road adhesion coefficient pu of the road was set to
0.55. The detailed road conditions are shown in Figure
1 and meet the SAE Standard J3087_201710 (Lee 1996).
The vehicle speed was set to 50 km/h. The animation
effects, lateral displacements, and yaw angles for three
different vehicles are shown in Figure 6. The steering
angles and four brake cylinder pressures for three dif-
ferent vehicles are shown in Figure 7. Phase trajectories
on the sideslip angle, phase trajectories on the roll angle,
lateral accelerations, and lateral forces for three different
vehicles are shown in Figure 8. The e in Figure 8a rep-
resents the deviation of the actual sideslip angle from
the expected value. The e in Figure 8b represents the de-
viation of the actual roll angle from the expected value.

As can be seen from Figure 6, the three vehicles all
have sideslip of front-wheel (under-steer) in trajectory-
tracking under this road condition. For the green vehicle,
the maximum deviation between the actual lateral dis-
placement and the desired value is 1.5 m. For the blue
vehicle, it is 3.5 m. For the red vehicle, it exceeds 6 m,
which directly causes the vehicle to lose control and rush
out of the runway.

When the vehicle enters the corner, in order to prevent
the vehicle from slipping to the right due to insufficient
tire force and inertia, u; >0 (left turn), u; >0 (left turn),
and u; act on LF and LR, thereby preventing the vehicle
from driving to the right. When the vehicle drives out of
the corner, in order to prevent the vehicle from slipping
to the left due to insufficient tire force and inertia, u; <0
(right turn), u, <0 (right turn), and u; act on RF and
RR, thereby preventing the vehicle from driving to the left.

As shown is Figure 7e, 71, the rear-wheels of the green
vehicle are steered in the opposite direction to the front
ones when entering the corner, and its rear-wheels are
steered in the same direction as the front ones when driv-
ing out of the corner, thus realizing the characteristics
of “small turning radius into the bend, stable out of the
bend” (Sirou, Galtier 1991).

Figure 8a, 8b shows that the phase trajectories on the
sideslip angle and roll angle for the red vehicle are not
closed, which indicates that the control system is unstable.
The enclosure areas of the green vehicle are the smallest,
which indicates that controller 3 is stable and has high
control precision. Figure 8c shows that the actual lateral
acceleration value of the green vehicle is closer to the de-
sired value. Figure 8d-8f indicates that controller 3 can
produce greater tire lateral forces, thus improving the
safety and stability of the vehicle in curved trajectory-
tracking, even on curved roads with a small turning ra-
dius and slippery surface. However, for the high CG of
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Figure 4. Simulation results in the anti-crosswind simulation: a - animation effect; b - crosswind speed;
¢ - crosswind heading; d - lateral displacement; e — yaw angle

Sports Utility Vehicle (SUV) at high-speeds, controller 3
may cause the vehicle to roll over prematurely in curved
trajectory-tracking, as detailed in the next section.

3.4. 4WS anti-rollover simulation

Current Electronic Stability Control (ESC) is not only able
to reduce vehicle under-steer and over-steer by applying
a braking force but also prevents rollover by reducing the
vehicle speed (Guo et al. 2010). However, in the anti-rollo-

ver simulation, we hoped that autonomous vehicles would
effectively prevent rollover in trajectory-tracking without
losing vehicle speed as much as possible.

For the simulation vehicle (D-class sedan) of this paper,
the rollover threshold of the vehicle was a y;;, ~14.06 m/ s2.
However, due to the road adhesion condition and maxi-
mum tire lateral force limit, the maximum lateral ac-
celeration a,, . (@) max SH- g) of the vehicle was much
smaller than the rollover threshold a ;. Thus, no mat-
ter how fast it was going, the vehicle could not roll over.
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Figure 5. The steering angles and four brake cylinder pressures in the anti-crosswind simulation:
a, b - red vehicle; ¢, d - blue vehicle; e, f — green vehicle

To meet the requirements of the anti-rollover simulation,
the vehicle model was adjusted to an SUV model, where
h, was adjusted from 0.54 m to 0.82 m, h; was adjusted
from 1.471 m to 1.679 m, and other vehicle parameters
remained unchanged. Then, the rollover threshold of the
SUV became a,- ~9.26 m/s?, thus meeting the simula-
tion requirements.

The road conditions of the anti-rollover simulation
were the same as those of the anti-sideslip simulation in
Figure 6. The road adhesion coefficient p of the road was
set to 0.85. The vehicle speed was set to 65 km/h. The ani-
mation effects, lateral displacements, and yaw angles for
four different vehicles are shown in Figure 9. The steering
angles and four brake cylinder pressures for four different
vehicles are shown in Figure 10. The phase trajectories on
the roll angle, roll angles, LTR values, sideslip angles, yaw
rates, and lateral accelerations for four different vehicles
are shown in Figure 11. The e in Figure 11a represents the

deviation of the actual roll angle from the expected value.

Figure 9 shows that the red, blue, and green vehicles
all experience rollover during turning. However, the white
vehicle effectively prevents rollover in trajectory-tracking
without losing vehicle speed, and the maximum deviation
between the actual lateral displacement and the desired
value is controlled within a reasonable range.

As shown is Figure 10, the red vehicle’s rollover time
is about 15 s, the blue vehicle’s rollover time is about 23 s,
and the green vehicle’s rollover time is about 18 s. For the
green vehicle, excessive pursuit of trajectory-tracking ac-
curacy makes too many of the vehicle’s vertical loads turn
to the right tire when entering the corner, which increases
the probability of rollover to the right. For the white vehi-
cle, Figure 10g, 10h shows that u; <0 (right turn) when
entering the corner, thus reducing the total FWS angles
(left turn) and preventing rollover to the right.
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Figure 6. Simulation results in the anti-sideslip simulation: a — animation effect; b - lateral displacement; ¢ - yaw angle
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Figure 9. Simulation results in the anti-rollover simulation: a — animation effect; b - lateral displacement; ¢ - yaw angle

a)

<)

a)

Steering angle for controller 1 [rad]

Steering angle for controller 2 [rad]

Lateral displacement [m]

147-163

T T T T
100 H — controller 1 AN
— — - controller 2 \‘
soH----- controller 3 7
— - — controller 4 /
N desired value
40 3
3
N
20 s
/ ~
0
250 260 270 280 290 300 310

0.25

0.2

0.15

0.1

Longitudinal displacement [m]

T
front-wheel
i — — - rear-wheel [
\J
14 16 18 20 22
Time [s]
AL
4 ~N "
\J.\
| front-wheel \
— — - rear-wheel v
i 1
14 16 18 20 22 24
Time [s]

b)

Yaw angle [rad]

2
1.5
1
/ controller 1
0.5 1
controller 2
— — - controller 3
[V e et controller 4 I
------- desired value
-0.5 y y
14 16 18 20 2
Time [s]

Wheel cylinder pressure for controller 1 [MPa]

Wheel cylinder pressure for controller 1 [MPa]

1 T
LF wheel
— — - RF wheel
0.5 [ e LR wheel [
~ ~ 7 RR wheel
0
-0.5
-1
14 16 18 20 22
Time [s]
1 T T
—— LF wheel
— — - RF wheel
L e LR wheel [T
~— ~ 7 RR wheel
0
-0.5
-1
14 16 20 22 24
Time [s]

Figure 10. To be continued

159



160 R. Liu et al. A trajectory-tracking controller for improving the safety and stability of four-wheel steering ...

e) 0.4
= front-wheel
<
= _—- -wheel
= 03 rear-whee
5
£
k=1 0.2
3
2 N
%;D 0.1 ~/
<
P N
'g 0 g P
& {
-0.1
14 16 18 20 22
Time [s]
0.1 T T
g) = front-wheel
£ /-'——"'\I — — - rear-wheel
T o005 '
=
§ 0 I\ N 8 ’[\ \—d
& | ———=J 1"
= If
: ||
<
2 -005 [ vy
g
>
-0.1
14 16 18 20 22 24

Time [s]

E 0.35
) =7 :
= LF wheel
5 03 — — - RFwheel ||
c & | eaaa-
£ 025 | LR wheel |
s i | —-— RRwheel
S8 02 :
L
3 I
2 0.15 1
o I
= J
g 0.1 G i
& 0.05 T
i | \/
° A\
0
= 14 16 18 20 22
Time [s]
h) 0.2 T T
LF wheel
— — - RF wheel
0.15 P LR wheel []
~— =~ RR wheel

0.1 At
/ ,‘[\
0.05 [t ey
It
”N'\v\»\,\,

14 16 18 20 22 24

Time [s]

Wheel cylinder pressure for controller 1 [MPa]

Figure 10. The steering angles and four brake cylinder pressures in the anti-rollover simulation:
a, b - red vehicle; ¢, d - blue vehicle; e, f - green vehicle; g, h - white vehicle

Figure 11a, 11b shows that the phase trajectories on
the roll angle for the white vehicle are closed, which in-
dicates that controller 4 is stable. Figure 11c shows that
the absolute value of LTR for the white car is controlled
between 0 and 1. Figure 11d indicates that the sideslip
angle of the white vehicle is the smallest. The yaw rate and
lateral acceleration values of the white vehicle are closer to
the desired values in Figure 11e, 11f. In summary, control-
ler 4 can still prevent rollover in trajectory-tracking with-
out losing vehicle speed, even at high-speeds and small
turning radius curved roads.

Conclusions

The results of this paper can be summarized by the fol-
lowing points:

»» a conversion method between the target trajectory
based on a ground inertial coordinate system and
the initial input of the 4WS autonomous vehicle
based on a vehicle coordinate system;

»» compared to the FWS trajectory-tracking controller,
the 4WS trajectory-tracking controller can more ef-
fectively improve safety and stability at high-speeds
and on low-adhesion roads;

»» the trajectory-tracking controller based on an ADRC
can more effectively improve the performance of
anti-crosswind, anti-sideslip, and anti-rollover in
trajectory-tracking compared to the trajectory-
tracking controller based on an optimal preview;

»» the trajectory-tracking controller based on an
ADRC (four channels) can not only track the de-

sired lateral displacement, longitudinal displace-
ment, and yaw angle, but also prevent rollover by
tracking the desired roll angle;

»» the real circular bends (single circle center) can be
continuously planned and updated depending on
the R, u,, a, and (X, Y, variables, and the inputs
of autonomous vehicles can be adjusted by the tra-
jectory-tracking controller in real time.

Finally, in future work, the suspension system of a

4WS autonomous vehicle in curved trajectory-tracking at
high-speeds needs to be further studied.
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