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ABSTRACT Aiming at the issue of active obstacle avoidance control for intelligent vehicles under
emergency, an active safety collaborative control system integrated with adaptive cruise control (ACC),
rear steering control (RSC), and rollover braking control (RBC) is developed. The proposed novel control
architecture consists of a supervisor, an upper controller, and a lower controller. The supervisor decides
which control mode to be used based on multi-sensors information of the driving vehicle. Active rear wheel
steering based on lateral acceleration feedback and active braking control strategies based on fuzzy PID are
added into the control model to enhance driving stability. To make the vehicle motion control model
suitable for highway path tracking with obstacle avoidance under emergency, a priority is given to the RBC
controller even though the vehicle speed is lower than the expected speed when the rollover index exceeds
the safety threshold. A nonlinear vehicle simulation model is established to validate the proposed control
scheme based on Carsim. Finally, a Carsim-Simulink co-simulation model is constructed, and simulation
results show that the proposed integrated control strategy based on active safety collaborative control has
good performance in both path tracking and driving stability, and has better stability of rollover under
emergency.

INDEX TERMS emergency collision avoidance, rear wheel steering, rollover control, intelligent vehicle

. INTRODUCTION of gravity (CG) vehicles such as sport utility vehicle (SUV)

At present, obstacle avoidance or collision avoidance
systems have been developed and became one of the
principal  priorities for most intelligent vehicle
manufacturers because it is a key technology for the self-
driving vehicle, however, it also faces many challenges.
The intelligent vehicle is a complex multi-input/output
system due to the fusion of multi-sensors information with
parameter uncertainties and the coupled phenomena of
longitudinal and lateral dynamics, which evidently are the
combination of cornering and braking maneuvers [1]. The
advanced driving assistant systems (ADAS) such as
adaptive cruise control (ACC), forward collision warning
(FCW), and active emergency brake (AEB), can enhance
driving safety [2]. However, vehicle rollover happens
frequently and particularly prominent in highway vehicle
during emergency collision avoidance (ECA), which has
raised much concern for the increasing fatal rollover
accidents. And the increased popularity of the high center
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are subjected to more fatal accidents because of their
intrinsic dynamics [3]. The main cause of the vehicle
rollover is due to the vehicle manoeuvring at limit handling
conditions [4]. The National Highway Traffic Safety
Administration (NHTSA) estimates that about 88%
collisions in the United States are caused by driver factor.
Moreover, the expected path of the intelligent vehicle to
achieve better rollover stability is often ignored, which may
lead to the deviation of the planed path under emergency.
Thus, for intelligent vehicles, designing of an effective
obstacle avoidance control model suitable for highway
under emergency is a key issue.

Vehicle driving safety is mainly dependent on electronic
stability control (ESC), which has been widely applied to
passenger cars [5-7]. For SUV vehicle with high CG,
rollovers maybe still occur easily even with ESC [8]. Thus,
many approaches have been adopted to prevent rollovers,
such as active steering [9-10], active suspension or semi-
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active suspension [11-12], active differential braking [8,13],
and active stabilizer mechanism [14]. The active stabilizer
mechanism and active suspension are two direct ways for
the restraining of vehicle roll motion. Highway emergency
obstacle avoidance mainly adopts emergency steering to
avoid obstacles, and it is easy to generate large lateral
acceleration and cause rollover [15]. Facts proved that it is
effective to prevent rollover indirectly by decreasing the
lateral acceleration of a vehicle. Braking the target wheels
or utilizing active steering are possible ways to reduce the

lateral acceleration when the vehicle is in danger of rollover.

Due to the cost of the active suspension and its limited
effectiveness for rollover prevention, braking target wheels
or active steering is preferable [13].

For path planning methods at ECA, parametric curve is a
typical method. It mainly uses B spline curves, polynomial
functions, etc. Galvani et al. [16] designed a trajectory of
vehicle based on optimal control, which considered the
factors of time and lateral acceleration. Daniel et al. [17]
proposed a path planning method based on B spline curves,
which considered the kinematic and dynamic constraints of
vehicle and geometric constraints of road. To achieve an
effectiveness path tracking control strategy at ECA, many
scholars have proposed various control methods [18-20].
The PID method was used in [18] to construct a lateral
feedback controller and to achieve lateral motion control.
Shim et al. [19] presented a motion control system, which
tracks the determined evasive path based on MPC method.
Llorca et al. [20] provided an ECA system using fuzzy
controller to imitate the driver’s behave. Wang et al. [21]
proposed an integrated active steering and active braking
controller based on model predictive control (MPC) and
sliding mode control (SMC). The integrated controller can
ensure the vehicle tracking the expected path and achieving
rollover prevention. However, real-time highway path
tracking remains many challenges on the complex road
with dynamic obstacles. If the obstacle is ahead of the
vehicle directly, the vehicle control system must decide
immediately to how to avoid it, and an emergency steering
is mainly adopted.

Multi-sensor information fusion technique has been
applied in many fields, which can integrate a large amount
of data and knowledge and the data may be independent or
redundant, and can be obtained by different sensors at the
same time or at different times [22]. To improve the
efficiency and safety in highway ECA of vehicle, an active
safety collaborative control system integrated with ACC,
rear steering control (RSC), and rollover braking control
(RBC) is developed. Active rear wheel steering based on
lateral acceleration feedback and active braking control
strategies based on fuzzy PID are added into the control
model to enhance driving stability.

An SUV vehicle is selected as the control subject for
study. The remainder of this paper is organized as follows.
In Section 2, the vehicle dynamic models and the driver are
established. The proposed active obstacle avoidance system
with active rear wheel steering is established in Section 3.
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The proposed active obstacle avoidance system with active
rollover braking control under emergency is demonstrated
by the combined simulation based on CarSim and Simulink
software in Section 4. Section 5 presents the conclusions of
the work.

Il. DRIVER-VEHICLE SYSTEM MODELING

It is necessary to establish the driver-vehicle system
dynamic model before researching the active obstacle
avoidance controller for intelligent vehicles. The system
models mainly include the driver model and vehicle model.

A. DRIVER SYSTEM MODEL

A three-point preview driver model [23] is established as shown
in Figure 1.

A

Preview point

B
:le path

Lateral displacement (m)E
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>
X

Xi+]
Longitudinal displacement (m)

Xi+2

Figure 1. Steering control by preview-follower theory.

In the three-point preview driver model, The driver scans
through the desired path within a finite distance Ad. The real
position of the SUV vehicle respect to the global coordinates x,
y is derived as

y= y0+vJ‘0t cos( B+ )t

. , (1)
x= xOJer0 sin( B+ )t

where, ¢:¢0+I(:7df , X0, Yo, and ¢@o are the vehicle

positions when =0, and v, y, f are the vehicle speed, yaw
rate, slip angle respectively.

The lateral position error in the coordinate system
between the vehicle path and the desired path in the ith
preview point can be written as

Ay, :ydi(t+T)_yi(t)s (2)
where y,(¢)is the desired lateral displacement in the ith
preview point, y,()is the actual lateral displacement, T is

the preview time and T =Ad/v_ , v is the vehicle

longitudinal speed.
It is assumed that the Ay; can eliminate after 7', and the
following relations can be obtained:

Yo O=y(+T)+ Ay} &)
The ideal lateral displacement error Ay;‘can be rewritten
as

. ) 1,
Ay} = Y+ =y (Y=HOT + ST, )

then
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*

a' = 2 (y(+T) = y(1) - H(OT), 5)

y = F
where a, is the ideal lateral acceleration.

To obtaina], the ideal steering angle &~ should be input

as:
(6)

where G, is steady state gain of vehicle lateral acceleration
for vehicle steering wheel angle.

According to two degree-of-freedom (DOF) wvehicle
dynamics model, as shown in Figure 2.

Figure 2. Two DOF vehicle dynamics model.
The dynamic equations of the vehicle lateral and yaw
motion can be described, respectively, as

ma, = F, coso; +F,

(7

Ly=1F,coso —LF,, (8)
v+

fxtang="1" ©)

X

where a, =v +v y, mis the vehicle mass, vy is the vehicle

lateral velocity, 7, is the yaw moment of inertia; Fiyf, F)y is the
lateral force by the front and rear tire, /r and /; are the distance
from CG to front and rear axle, respectively. The slip angle by
the front and rear tire can be written as

v +1
o =6 -&=0-2 (10)
v+
ar:y—'}/ , (11)
V

where Jr is the front wheel steering angle.
To facilitate the design of driver model, the linear tire
model is established as

F; =k, , (12)
F,=ka, (13)

where kr and k; are the cornering stiffness by the front and
rear tires. Hence, the following equation can be got as

>
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) v
m(%, +vx7/) = k0, _(kf+kr)v_y_(lfkf _Zrkr)vl
g * (14
1y =1ikS = (L, =1k, )= (2K, + 2k, ) L
v v

X X

When vehicle driving at steady state steering, =0, v, =0,

eliminate v,, hence, the steady state gain of yaw rate
response and front steer input is realized as follow:
v

o s

y= e
m(Lk, —1k;)
Pk,

Ke[0.002,0.004] s*/m?.

For realistic values of the vehicle lateral velocity v, in
absolute value are much smaller than the longitudinal

velocity v,. This means the total velocity v=, /vf + vj of the

CG can be approximated by v.. Since v = Ry, it also can be
got the relationship of yaw rate response and lateral

acceleration as follow:
2
) % V.
a =y"R=|—=| R=y|=|R=yv_, 16
L, =Y (R) V(Rj 7V, (16)

where R is the turning radius.

Then, the desired lateral acceleration can be defined as

2
v

l(l +Kv? )
Substitute Eq. (17) into Eq. (6), the following steady state
gain is obtained:

where K = , K is the understeer gradient and

*

a,

s

e

a7

2
vx

G, :H(Tva_) , (18)

where / is steering gear ratio, /=0/ds.

B. CARSIM SUV VEHICLE MODEL AND SIMULATION

The standard vehicle simulation software of Carsim is used to
validate the effectiveness of the proposed control strategy. The
driver model or the obstacle avoidance controller can be
designed in Matlab and it's easy to realize CarSim-Simulink co-
simulation tests through the vehiclesim browser interface. Figure
3 shows the SUV simulated in CarSim and the important
parameters of the Carsim vehicle model are shown in Table 1.

Figure 3. CarSim vehicle model.
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TABLE 1. IMPOTENT PARAMETERS FOR SUV.

Parameters Value

Front, rear unsprung mass myg, my: 125,125 kg
Sprung mass, total mass m, m 2000, 2500 kg
Height of CG from ground 4 0.781 m
Height of CG from roll center 4 0.381m
Distance from CG to front, rear axle /;, I, 1.3,1.5m
Wheel track width ¢, 1.725 m
Wheel rolling radius 7y, 0.400 m
Acceleration due to gravity g 9.81m/s?

Yaw moment of inertia about yaw axis . 3524.9 kg m?
Roll moment of inertia about roll axis /; 846.6 kg m?
Wheel moment of inertia J,, 2 kg-m?

A 265/70R17 radial pneumatic tire (300 kPa) is selected as
the sample of tire mechanical properties. The cornering
conditions of the tire model are illustrated in Figure 4.

16 o— - Fr=28KN  — - —Fz=56kN — — F2=8.4kN
----- FZ=11.2kN sovevess Fz=14.1KN F2=16.9kN

s
o F
=)

0 2 10 12 14 16 18 20

o (deg)
Figure 4. Lateral tire force at different slip angles and different vertical
tire forces.

However, the driver steering control system has to be
designed considering the tire characteristics of cornering
stiffness, which are determined by Eq.(12) and Eq.(13). For
the design of the steering control model, the front and rear
axle cornering stiffness kr, & are set 114650 N/rad, 103184
N/rad, respectively.

The preview time 7 influenced tracking performance and
stability a lot. In a normal ECA system, multiple objectives
with respect to tracking capability and driving stability should be
ensured. When steering control model with a long preview
time, the vehicle’s state response is more stable obviously,
but a worse performance in path tracking. On the contrary,
when the control model with a smaller preview time, path
tracking performance is best but the vehicle is easy to
become unstable [24]. In this causes, define a safety
coefficient of preview range s, ys =Ad/Adsf, Different
driving styles have different preview distances. Three levels of
low, moderate and high are used to analyze the influence of
preview distances on vehicle tracking performance and
stability. The responses of the yaw rate and the roll angle have
been used as the index of driving stability evaluation. To reflect
preview range of different people, set ws ={0.5,1,1.5} and
Ad=30 m. A block diagram of the architecture for driver
vehicle model based on lateral acceleration feedback is
shown in Figure 5.

For path planning methods, parametric curve is a typical
method. This work mainly focuses on the path tracking
control strategies and the path planning algorithms are no

longer given here, which can be referred to Wang et al. [21].

The path tracking, steering angle, and stability evaluation
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index at different preview ranges are shown in Figure 6.

mﬁp zal
—» b Ga) 1+ Ts) >
1+4s
1+

Ts|=

Figure 5. Architecture of the driver vehicle model.

It is clear from Figure 6 that as the vehicle steering
control model using a high coefficient of preview range, the
vehicle steering output is obviously smoother and more
stable, but the path tracking performance becomes worse,
which means that the relative lateral displacement error is
increased. When ;s =0.5, path tracking error is best, but the
steering output lost grip and vehicle becomes unstable. So,
the coefficient of preview range is set at a moderate level in
this article.
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Figure 6. Path tracking and handing properties comparisons at different
preview range: (a) Path tracking comparison; (b) Steering angle
comparison; (c) Yaw rate comparison; (d) Roll angle comparison.

lll. THE DESIGN OF PROPOSED CONTROL STRATEGY
The proposed active obstacle avoidance system with active rear
wheel steering, can not only accomplish multi-objective
adaptive cruise control considering tracking capability, but also
improved driving stability under collision avoidance. Its
hierarchical control architecture is illustrated in Figure 7. It is
assumed that the measurement accuracy of the sensors can meet
the requirements.

Driver Supervisor module |
model © 7 7 Safety zone

| Safety zone J
| Judging conditions:
L AMed
ADAS sensors YorN Vehicle
Speed Fﬁﬁ ] enlapia model
| Model selection
Distance @ | | —————o—————

Acceleration L. Y orN ?

Yaw rate I e LT
Roll angle | Stability response

| Judging conditions:
Steer angle | Ay >Ay,

Figure 7. Structure of the active obstacle avoidance system.
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A. ADAS SENSORS MODEL FOR ACC AND FCwW

The adaptive cruise control (ACC) system is introduced in
this part, which not only addresses the issues of tracking
capability, fuel economy during car-following process but
also ensures effective collision avoidance and the lateral
stability of the following wvehicle [25]. The moving
obstacles can be programmed to imitate traffic vehicles in
advanced driver assistance systems (ADAS) involving
automated controls in response to detected interactions with
other vehicles.

For the ACC controller, speed control is one of the key
issues for the autonomous driving study. Research in
vehicle speed following problems mainly focus on throttle
control and brake control. The control goals of the vehicle’s
throttle and brake are to manage the vehicle speed with the
target speed and space. The speed control algorithm is
established based on a uniform accelerator for the roads it
travels on. The expected safety velocity v.qcan be obtained
by intelligent network connection technology at any road
position. In the process of longitudinal speed following
control, it is assumed that the vehicle can reach the desired
speed after 7 by an ideal longitudinal acceleration a,*, then

a,=(v,-v,)/T, (19)
To achieve the ideal longitudinal acceleration a,”, a
conventional PID controller is adopted by regulating the

throttle and brake. The design uniform accelerator of the
speed controller is as follows:

Td*=(Kp+de+£j(a; ~a,), (20)
N

where 7. is the required torque from throttle and brake

actuators.

The main coupling effect of speed control and steering
control comes from the influence of the speed on the lateral
dynamic characteristics, that is, the gain of lateral
acceleration for steering wheel angle is the function of the
speed. Therefore, the decoupling of the vehicle speed
control and steering control can be realized by continuously
updating the gain G, according to the change of vehicle
speed. Define a nonlinear model as

G,~(v.), 2
where f'is the function of the speed. We assume the driver
behaves in an optimal fashion, in other words, the
coefficient of preview range is set at a moderate level.

Two indexes consisting of the distance error Adacc and
the velocity error Avacc between the preceding vehicle and
the following vehicle to indicate the tracking capability of
vehicle-following are calculated as followings:

AVyee =V, =V

s (22)

Adyoc =d,—d,, (23)
where d is the desired distance, v, is the longitudinal speed
of the preceding vehicle.

According to the related standards which are published
by National Highway Traffic Safety Administration
(NHTSA), the European Union (EU) and the International
Organization for Standardization (ISO), the safe collision
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time is a constant value of 2.4 s, and there is no weighting
factor based on different drivers. However, different driving
styles have different forward anti-collision risk coefficient (.

Define a safe collision time
Ty =46, Ad, : 24)

AVACC

According to the multiple forward collision warning
(FCW) tests of different vehicle. If Tsc=2.4 s, v,=35 km/h,
vx=110 km/h, {; =1, then, Adi=2.4%(110 -35)/3.6=50 m. Three
levels (Low, moderate, high) are used to analyze the influence of
forward anti-collision risk coefficient on vehicle tracking
performance and stability. To reflect the risk coefficient of
different people, set {s = {0.8,1,1.2}. The moderate level is 50
m, which means the distance range for the FCW sensor is
50 m. But, of course, the range of the sensors can be adjusted so
that they can be used in a real vehicle. A block diagram of the
architecture for the ACC+FCW model based on

longitudinal acceleration feedback is shown in Figure 8.
The forward anti-collision risk distance, path tracking, and
stability evaluation index at different anti-collision risk
coefficients are shown in Figure 9.

ACC T

Figure 8. A block diagram of the architecture for ACC+FCW model.
60 .. 2

Target path
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Sensor distance range (m)
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(c) t(s) (d) ts)

Figure 9. Path tracking and stability evaluation index at different anti-
collision risk coefficient: (a) Forward anti-collision risk comparison; (b)
Path tracking comparison; (c) Yaw rate comparison; (d) Roll angle
comparison.

3

Figure 10. Dynamic visualization path tracking for obstacle avoidance.
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It is clear from Figures 9 and 10 that as the ACC+FCW
control model using a high coefficient of sensors range, the
vehicle response of yaw rate and roll angle are obviously
more stable, but the path tracking efficiency becomes worse,
which means that the fuel economy is increased. When {;
=0.8, path tracking efficiency is best, but the driving
stability becomes worse. So, the coefficient of sensors range
is set at a moderate level in this article. The longitudinal
speed of following vehicle at different anti-collision risk
coefficient is presented in Figure 11, and the corresponding
brake moment of four wheels controlled by ACC+FCW is

shown in Figure 12.
120
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Figure 12. Brake moment of four wheels controlled by ACC+FCW at
different gs.

In Figure 12, it can be concluded that the ACC brake the
vehicle at 0.5s and the vehicle speed is reduced to 40km/h
when s =1.2, which is because the active braking signal of
ACC starts to work at 60 m between vehicles. It is
conservative for most aggressive drivers in practice. The
proposed ACC+FCW controller can not only avoid collision

effectively but also guarantee the lateral dynamics stability in
ECA.

B. Rear wheel steering controller

For a front wheel steering vehicle, the rear tires could only
generate a certain slip angle resulted from the yaw and
sideslip motion of vehicle. However, both steering angles
of the front and rear tires has more advantage on directly
controlling of vehicle lateral movement. Directly rear wheel
steering can help to reduce the vehicle’s yaw motion and
improve the driving stability. The two DOF linear vehicle
model will be used to design a rear wheel steering
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controller (RSC), which will calculate a steering angle of
the rear wheels depending on vehicle yaw rate response.

It is used quite often of two DOF linear vehicle model in
studies on active steering. The slip angle by the rear tire can
be written as

b =6~ 25)
VX
where o; is the steering angles of the rear wheels. Eq.(14)
can be combined into two coupled first order differential
equations.

v _
m‘}y—’—(kf—’—kr )v_y—‘r[mvx—’—lfkvajy = kfé‘f + kré‘r

X X

. (26)

2 2 —
L+ Ik, + Ik, . Lk — Lk, v, =1k, — k.5,

v v

X X
Written in state space form with state x=[v,, y], input u=[J,
Jr], the relevant equations are given by:

x=Ax+Bu , 27
where,
ke +k, lky =1k, N Vf ﬁ ﬁ
-1 m m m m
A=— B=
v | Lk —Lk Lk +0k |7 | bk Lk
I, I, 1 1

The characteristic equation def(sI-A) = 0 of the state space
system is given by
ke +k

T

Lk, -1k,

s+ +v,

my,_ mv,
det(sI - A) = R R
Ik, —1k, ot Lk, + 17k,

Iy Iy,

N [ [k + [k, | ko, JS keth, Lk + Ik,

=0, (28)

Iv my my

zZ X X X z vX

= . (29)
Lk~ Lk, {szf Lk vx] o

Iy, my

X

2 2 4

S2+{lfkf +lrkr +kf krjs+
Iv, my,
, (30)
Plok, +mv? (Lk, —1k,)
ml v’

2 2

SZ +{lfkf +Zrkr + kf+erS+

Iv my,

=0

€2))

= . s
Plgk, [l_m(lfkf—l,,kr) 2] .

2 v =
ml,v;

Pk,

T
2
mil_v:

L +(1§kf Hk ki,

2
lekfk (1+Kv7) =0, (32)
Iv my,
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m (lrkr B lfkf)

where, K = 5
Fkik,

. From Eq.(32), it is seen that the

active four wheels steering system is unstable if K >-1/ vf , In

other words, if K< 0 and v,>/-1/K .

In stationary situations, such as steady-state cornering,
\'/y =0, 7 =0, eliminate v, of Eq.(26), hence, it follows that:

[y} (ke = Lk,) = Chek, [y = —kek v, (6, = 68.),  (33)

= (+Kv} )y = 1(5 -35.). (34)

Likely, eliminate y of Eq.(26), hence, it follows that
X mlfvi

v
y == 5. =S8+ 1(1+Kv) S, , (35
y Z { Zkr j( f r) ( x) T ( )
Written in state space form as

(1+Kv?) [ﬂ - VT "o } (36)
1 0

V|: Ry, and a, = |V|2/R zvf/R, Eq.(36) can be

rewritten as:

] —

T

(1+va)

2
mlv;

0; — 0,

[

1(14Kv?)

Since v~

)

v,

v,

o; I

—o =210~ L(1k02)

X

(1+Kv )

; (37
= E+ Kay

It is noted that the rollover stability influenced by a, can be
improved by adjusting the steering angle of the rear wheels
before reaching a critical condition.

According to Eq. (37), the active rear wheel steering

system can be designed as:
6, =¢6; +qa, (38)

where, ci1=-1, ;=K. Figure 13 shows the block diagram of
the RSC.

—lgs
f

i 5*

1+t

1+Ts
Figure 13. Block diagram of active rear wheel steering control scheme.

Driving on a busy highway, changing lanes can be very
hazardous obviously. There are many blind spots, which is
a problem for every driver. Ignorance the blind region
while changing lane will lead to a collision with another
obstacle. The steer control strategy fully addresses this
situation by ensuring that the blind spots of the intelligent
vehicle are clear prior to the controller attempt to change
lanes. The steering angle, path tracking and stability
evaluation index comparisons by rear wheel steering
controller are shown in Figure 14.
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Target path
RSC
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Front steer (RSC)
Front steer(No RSC)
Rear steer(RSC)
Rear steer(No RSC)

8

Steer wheel angle(deg)
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; Yaw rate(deg/s)

No control

Figure 14. Path tracking and stability evaluation index by RSC: (a) Front
and rear wheel steer angle comparison; (b) Path tracking comparison;
(c) Yaw rate comparison; (d) Roll angle comparison.

It is clear from Figure 14 that the maximum value of yaw
rate reduced -14.5 % by RSC at 3.9 s and the maximum
value of roll angle reduced -14.4 % by RSC at 5.5 s.
Besides, the maximum value of front steer angle reduced
21.3% by RSC at 2.1 s, however, the RSC has less
influence on the path tracking performance. Which means
RSC can help to reduce the vehicle’s yaw and roll motion
and improve the driving stability.

C. Active obstacle avoidance control strategy

To make the vehicle motion control strategy suitable for
high speed path tracking with obstacle avoidance, priority
will be given to the FCW controller and braking control
strategy will be used even though the vehicle speed is lower
than the expected speed when the Ad, is less than the safety
range of Ads. The rear wheel steering control and speed
control are integrated into a motion control model for
obstacle avoidance. The “high speed” means vehicle actual
speed over 60km/h and “expected speed” means vehicle
safety or allowed driving speed in this article.

The model selection methods of the control mode
developed in the supervisor are as follows: According to the
driver’s input and vehicle status signal, the actual distance
of preceding vehicle d, and following vehicle and the actual
yaw rate y are obtained. Then, they are compared with the
ideal distance ds and the ideal yaw rate ys. When d, is more
than ds (Adacc> 0), it is considered that the vehicle is in a
longitudinal safe area and the speed does not need to be
reduced additionally. In this case, the ACC controller is
turned on only. Otherwise, the FCW controller based on
active braking is turned on. When the difference between
the actual yaw rate and the ideal yaw rate is less than Ay, it
is considered that the vehicle can track the expected
trajectory, and the active steering controller based on rear
wheel steering is closed. On the contrary, the RSC
controller is turned on. Table 2 shows the switching
strategy of the control mode in the supervisory decision
control.
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TABLE 2. SWITCHING STRATEGY OF THE CONTROL MODE IN THE 2r = Target path
SUPERVISORY DECISION CONTROL. 1.8 7 \\\ —— FCW+ACC+RSC
Control model  Selection conditions ACC FCW_RSsC g0 N V4 F W T
1 (Adacc> 0) and (Ay<Ays)  Open Close  Close
2 (Adacc<0)and (Ay<Ay;) Close  Open Close
3 (Adacc<0)and (Ay>Ay;) Close  Open Open z
4 (Adacc> 0) and (Ay>Ay,)  Open Close  Open N

ACC: adaptive cruise control; FCW: forward collision warning; RSC: rear
steering control.

Finally, the block diagram of the proposed active
obstacle avoidance system with active rear wheel steering is
established in Figure 15. Firstly, both vehicles with or
without ADAS control can achieve collision avoidance,
which is concluded in Figure 16. The proposed
FCW+ACCHRSC achieve collision avoidance at 7.5 s and
the wvehicle without ADAS control achieve collision
avoidance at 5.1 s, which is because the vehicle with ADAS
control is in full braking when the longitudinal distance of
the driving vehicle and preceding vehicle is less than the
desired distance. The path tracking performance and
stability evaluation index comparisons by the different
controller are shown in Figures 17 and 18.

It is clear from Figure 18 that the maximum value of yaw
rate reduced 35% by FCW+ACCH+RSC at 120 m and the
maximum value of roll angle reduced 36% compared with no
controlled vehicle, and the controller has a positive influence
on the path tracking performance. Which means the proposed
active obstacle avoidance control strategy can not only avoid
collision effectively but also improve the driving stability
dramatically.

a,
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, o (YO ||
|l
: | Vo |
™ Vehicle
| model
|
,,,,,,,,,,,,,,,,,,, B a,
Throttle/ | Ty | @' !
brake [ —
actuator 1+ths ]

Figure 15. General control block diagram of proposed active obstacle
avoidance system.

(b)
Figure 16. Dynamic visualization path tracking comparisons for active
obstacle avoidance: (a) FCW+ACC+RSC; (b) No control.
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Figure 17. Vehicle path tracking performance comparisons for obstacle
avoidance.
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Figure 18. Vehicle yaw rate and roll angle response for obstacle
avoidance.

IV. ACTIVE OBSTACLE AVOIDANCE SYSTEM WITH
ROLLOVER CONTROL

For SUV vehicle with high CG, rollovers maybe still occur
easily even with FCW+ACC+RSC system. The proposed
active obstacle avoidance system with rollover braking
control (RBC), can not only accomplish tracking capability
but also avoid the rollover accident effectively under
emergency collision avoidance. Its hierarchical control
architecture is illustrated in Figure 19.

A. Rollover prediction index
For rollover prediction, load transfer ratio (LTR) is a
commonly used rollover index, as follows

LTR:M’ (39)
Fzr +F;l

where, F,, F, are left, right wheel vertical loads. By

analyzing the roll stability mechanism of the vehicle, the LTR
can be rewritten as:
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a
LT =%{—y+5in¢] (40)
t| g
A new rollover prediction index of PLTR is defined as
PLTR, (At)= LTR(t,)+ LTR(t,)- At , 41)

where ¢, is the time at the moment, Af is the roll preview time.

Substitute Eq. (40) into Eq. (41), the following equation is
obtained:

PLTR, (At)=LTR(1, )+% i{a—+sm¢} . (42)
dt| g

w

It assumes thatsing =~ ¢ , Eq. (42) can be simplified as:
h . :
g[ay +g-g]-Ar . (43)

By 2-DOF model, the lateral acceleration can be further
estimated as follows,

PLTR, (At)—zh[ +¢}+ 2
g tW

W

v _
ma, =k, + k6, — (k+k, )2~ ke =k gy
v, v,
from Eq. (44), it follows,
a, =-C,p-C~— +k5 +k.9,, (45)

x

where f=—

X

The derivative of Eq. (45) can be written as

a,=-C,fi~ G-

. Co=k; +k, » C,=lk; — Lk, .

+k5 +kS (46)

ror?

a,—yv
where f = —7

v v

Then, the lateral acceleration derivative in the second term
can be further rewritten as
-Cola, =, )-Cr kb, +k&
dyz O(y ) 1+ff rr’ (47)
m-v, m

Hence, a, can be replaced by Eq. (47) and substituting it

into Eq. (43), finally, the final form of the improved PLTR
is shown as follows:

Zh[ +¢}r

L, 1 &

Jbrkd 4 \
m

B. Rollover braking control strategy

If the steering wheel angle is too large or the speed is too
high, the vehicle may rollover in obstacle avoidance under
emergency. Using the PID control strategy, the active
braking model is established based on rollover prediction.
To achieve the ideal braking torque when the PLTR
exceeds the safety threshold, a fuzzy controller is adopted
to self-adjust different driving conditions on the foundation
of a traditional PID controller. Here, an interval changing of

20| ~Cola, —v,) -G
t.g m-v

X

PLTR

(48)
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PID parameters (AK,, AKy, AK)) is calculated with fuzzy
logic. The braking torque of the rollover controller is:

T; = (K,+AK, )e, +(K,.+AK,.)IO’ edt+(K,+AK,) ”Zf

. (49)

where,e, = PLTR - PLTR, .
Figure 19 shows the block diagram of the RBC scheme.

> K, Brake
L
e KP S s actuator [}
PLTR e d/dt
_ - cC fAK,,fAKd?AK
»| Fuzz controller
RBC

Figure 19. Block diagram of Fuzzy-PID rollover control.

For the design of fuzzy control, five conditions are
considered for fuzzification whose linguistic variables are
set as PM (very high), PS (high), ZO (normal), NS (low),
NM (very low). Gaussian membership function is used for
each variable, and the fuzzy logic controller has two inputs
of e and ec. The membership functions are presented in
Figure 20.
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Figure 20. Membership functions for rollover control in fuzzy controller:
(a1) Input variable e; (a2) Input variable ec; (b1) Output variable AKy; (b2)
Output variable AK;; (b3) Output variable AKq.

Second, the fuzzy rules base describes the relationships
between status variables and control parameters. The fuzzy
control rules are given in Table 3. Third, an inference
method of Mamdani and a centroid defuzzification method
are used for the design of fuzzy controller.
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Table 3. Fuzzy rules of AK,, AK,, AKp.

(a).AK, ec

NM NS ZO PS PM
NM PM PM PS PS 70
NS PM PM PS Z0O NS
ZO PM PS ZO NS NM
PS PS 70 NS NS NM
PM y40) NS NM NM NM
(b). AK; ec

NM NS 70 PS PM
NM NM NM NS NS Z0
NS NM NS NS 70 PS
y4e] NM NS y4e) PS PS
PS NS 70 PS PS PM
PM y40) PS PS PM PM
(¢). AKy ec

NM NS 70 PS PM
NM PM PM PS PS ZO
NS PM PM PS 70 NS
ZO PM PS ZO NS NM
PS PS Z0O NS NS NM
PM 70 NS NM NM NM

In order to verify the effectiveness of the PLTR by Eq.
(48), the different initial speed during the same “Sine” input
maneuver is conducted. The conditions of PLTR transient
response at c11ifferent initial speed are shown in Figure 21.

PN
N,

/ R v, =60km/h
sl 5\ v, =80km/h
Y X
\ v.=100km/h
\ X
v 06F £ [ v, =120kmth
E ;
0.4}
0.2}
0 £ :
1 2 3 4 5 6

t(s)

Figure 21. PLTR comparisons at different initial speed.

It can be seen from the figure, with the increase of
vehicle speed, the rollover risk has also increased.
Specifically, when the vehicle speed is larger than 100
km/h during the same steering input, lift-off occurs at t =
2.45 s, and the rollover index PLTR can well estimate up to
that point.

Severe braking of the vehicle under emergency will also
cause the wheels to lock, and resulting in loss of control. To
prevent the wheels from locking, the integrated obstacle
avoidance control algorithm also combines anti-lock brake
control (ABS). Since the ABS modeling is not the key
content in this paper, the details are no longer given here,
which can be referred to Li et al [13].

To verify the effectiveness of the proposed fuzzy PID
rollover control strategy for obstacle avoidance under
emergency, it assumed that the FCW+ACC+RSC is out of
work. The initial vehicle speed v, is 110 km/h. The obstacle
avoidance distance is 40 m and the value of lane width is
3.85 m. Another controller compared with fuzzy PID is
called traditional PID. The dynamic visualization path and
speed tracking for obstacle avoidance under emergency is
shown in Figure 22, and the threshold value of the rollover
evaluation index PLTR; is 0.7. The braking torques, path
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tracking, and stability evaluation index comparisons by
fuzzy PID and traditional PID rollover braking controllers
are shown in Figure 23.It can be found in Figure 23 that the
peak values of the yaw rate and roll angle are cut down by
the rollover control model compared with no control model
because of the additional braking control algorithm by the
measurement of rollover prediction. Whereas, the path
tracking error for obstacle avoidance is also improved by
rollover braking control strategy. The results in Fig. 23(d)
show that the peak values of vehicle roll angle by fuzzy
PID rollover control, by PID rollover control only, no
rollover control are about -3.25 deg, -2.91 deg, and -2.80
deg respectively, which means the rollover stability of
vehicle is significantly enhanced under emergency
avoidance. It can be found in Figure 23(a) that the rollover
fuzzy PID controller generates a maximum braking torque
of 1200 N'm to reduce the vehicle speed actively and to
prevent the occurrence of rollover. The results can prove
that the proposed rollover control model has good accuracy
in high speed path tracking and has better stability of
rollover under emergency.

Figure 22. Dynamic visualization path and speed tracking for obstacle
avoidance under emergency.
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Figure 23. Path tracking and stability evaluation index by different
rollover braking controllers: (a) Active braking torque comparison; (b)
Path tracking comparison; (c) Yaw rate comparison; (d) Roll angle
comparison.

C. Active obstacle avoidance system with RBC

The block diagram of the proposed active obstacle
avoidance system with RBC is established in Figure 24. To
verify the effectiveness of the proposed active obstacle
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avoidance system (FCW+ACC+RSC+RBC) for highway
path tracking with obstacle avoidance under emergency, the
dynamic visualization path tracking for obstacle avoidance
under emergency is shown in Figure 22 and the initial
vehicle speed is 110 km/h. The other compared obstacle
avoidance controllers are FCW+ACC, RSC, and RBC
respectively. It also assumed that the FCW+ACC is out of
work in RSC or RBC of the compared controllers. The path
tracking performance and driving stability evaluation index
comparisons by different controllers are shown in Figures
25 and 26.
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ﬂ v,
Throttle/ | T
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brak R
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220 %o | model
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Figure 24. Block diagram of proposed active obstacle avoidance system
with RBC.
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Figure 25. Vehicle path tracking performance comparisons for obstacle
avoidance under emergency.

It can be found from Figure 26(b) that reduction in peak
value of roll angle in case of FCW+ACC+RSC+RBC is
more than 26 and 13% in case of RSC compared with no
controlled vehicle, which means the proposed active safety
collaborative control strategy can easier adjust the active
obstacle avoidance system in rollover prediction under
emergency. Figure 25 and Figure 26(a) show the path
tracking and yaw rate performances of FCW-+ACC+
RSC+RBC and other controllers. The maximum value of
yaw rate of the no-controlled vehicle reaches -41.7 deg/s,
which means that the driving vehicle tail flick accident and
loses its lateral dynamics stability. However, the actual
values controlled by FCW+ACC+ RSC+RBC and RSC
maintain almost stable, and the maximum value of yaw rate
reduced more than 50%. Whereas, the path tracking error
for obstacle avoidance is also improved by the active safety
collaborative control strategy. The results can prove that the
proposed active obstacle avoidance controller based on
active safety collaborative control has good performance in
both path tracking and driving stability.
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Figure 26. Vehicle state response for obstacle avoidance under
emergency: (a)Yaw rate;(b) Roll angle.

From the simulation result, the controller is successfully
designed and the proposed FCW+ACC+RSC +RBC shows
good control ability and performance.

Experimentations will be followed in the next
investigation to test and improve the control scheme further.
In the first step, Hardware-in-the-Loop (HIL) in the Lab
should be conducted to check and regulate the controlling
laws. After that, field test will be implemented with the
maneuvers in simulations to evaluate the active obstacle
avoidance control system.

V. CONCLUSIONS
An obstacle avoidance control system integrated with RSC
and RBC is proposed in this paper, which can not only avoid
collision effectively, but also improve the driving stability
dramatically. The proposed active obstacle avoidance control
architecture consists of a supervisor, an upper controller, and
a lower controller, and the supervisor decides which control
mode to be used based on multi-sensors information of the
driving vehicle. Active rear wheel steering based on lateral
acceleration feedback and active braking control strategies
based on fuzzy PID are added into the control model to
enhance handing performance. To make the vehicle motion
control model suitable for highway path tracking with
obstacle avoidance under emergency, a priority was given to
rollover controller even though the vehicle speed is lower
than the expected speed when the PLTR exceeds the safety
threshold. Finally, the Carsim-Simulink co-simulation tests
validate the effectiveness of FCW+ACC+RSCH+RBC. The
results can be summarized as follows:

Using a high coefficient of preview range in the steering
control model, the vehicle steering output is obviously
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displacement error increased. [17] J. Daniel, A. Birouche, J.P. Lauffenburger et al, “Energy

Using a high coefficient of sensors range in the
ACCHFCW control model, the vehicle states response of
yaw rate and roll angle are obviously more stable, but the
path tracking efficiency becomes worse.

RSC model and RBC model working individually has a
limited impact on the improvement of the tracking
performance and driving stability under emergency.

The obstacle avoidance system integrated with FCW,
ACC, RSC, and RBC has good performance in both path
tracking and driving stability, and especially a better stability
of rollover under emergency.
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