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Abstract 
 
The ability to avoid lane departure has become an important feature for development of driving assistance technology, and the design 

of lane departure avoidance system (LDAS) which can achieve cooperative control with human driver is still a challenge. This paper 
presented a new lane departure decision algorithm along with main parameters of the electric power steering (EPS) and electronic stabil-
ity program (ESP) system’s sensor. During normal situations, steering control based on EPS system was involved to avoid lane departure. 
However, when the vehicle reached the handling limits, both steering and braking control collaborated together to avoid lane departure 
based on EPS and ESP systems. Due to the time varying vehicle speed and the uncertainty of tire cornering stiffness, a gain scheduling 
brake controller was designed based on the energy-to-peak performance indicator, and an upper monitor was designed for activation the 
braking controller to ensure comfortable ride. Because the relationship between the lane departure degree with a lateral offset in the sin-
gle-point preview and the driver torque could not be accurately described, a man-machine cooperative control fuzzy observer for the 
LDAS was designed. In order to accomplish smooth switching for driving mode to ensure ride comfort, a switching criterion was pro-
posed. The proposed method was evaluated via numerical simulation by CarSim/Simulink. A hardware-in-the-loop test platform was set 
up, and the effectiveness of the proposed control strategy was compared via the driver-in-the-loop experiment. The obtained results show 
that the proposed man-machine cooperative control strategy not only can return the vehicle to the normal lane effectively, but also realize 
smooth switching from man-machine cooperative control to driver control.  
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1. Introduction 

Driving assistance technology is an important part of intel-
ligent vehicle development, although current autonomous 
driving technology is not yet capable of guaranteeing abso-
lutely reliability. According to statistics published by Vaa [1], 
approximately 50 % of traffic accidents are caused by vehicles 
deviating from their normal driving lane. The main reasons for 
this include distractions while driving, inattention, or fatigue. 
Our purpose in studying driving assistance technology is to 
improve the safety of driving, especially through the devel-
opment of active safety technology to avoid traffic accidents. 

A lane departure warning system (LDWS) notifies the 
driver in the event that the vehicle is detected deviating from 
the lane without activating the turn signal. The notification 
may include a steering wheel vibration or other indication to 

remind the driver that the vehicle is deviating from the lane, 
thereby providing more reaction time to the driver and greatly 
reducing the number of accidents caused by lane departure. 
The assistance decision-making algorithm in the LDWS is 
based on the time to line crossing (TLC). If the threshold 
value of the TLC is too conservative, then it will lead to false 
alarms and seriously affect the mood of the driver [2, 3]. De-
scriptions of various lane departure recognition algorithms can 
be found in Refs. [4-6]. 

The lane departure assistance system (LDAS) is based on 
the LDWS. The most commonly used steering actuator in the 
LDAS is the motor, which is based on the electric power 
steering (EPS). Zhang and Bolia [7, 8] developed a lane keep-
ing control that was based on the EPS and was able to solve 
coordination problems between the EPS components and the 
lane keeping execution algorithm. A wire control steering 
system consisting of actuators for the LDAS and lane keeping 
assistance system (LKAS) was proposed by Refs. [9-11], but 
the wire control steering system cost is too high. A differential 
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braking control, as described in Refs. [12-14], or a differential 
driving control that generates a yawing moment, are both able 
to correctly return the vehicle to the normal lane; however, 
differential braking affects the riding comfort, and differential 
driving is more suitable for the wheel motor. The LDAS was 
proposed by Lee [15] and was based on a steering and braking 
system, however, man-machine cooperative control was not 
considered. The man-machine cooperative control helps the 
driver simultaneously with his own correct actions on the 
steering wheel for vehicles equipped with a conventional 
steering column, and for existing LDAS any torque imposed 
on the steering wheel by the driver could be considered as a 
disturbance input. In order to improve vehicle active safety, 
the cooperative control is needed to reduce human-machine 
conflict, and assign the steering control either to the driver or 
to the assistance system by a switching strategy. 

Man-machine cooperative control needs to allow input from 
the driver, while overlaying the steering torque generated by 
an actuator. The key to the LDAS is determining the proper 
weight distribution in the man-machine cooperative control 
system. The control strategy used in the LDAS was proposed 
by Enache [4] and is based on the theory of composite 
Lyapunov functions and linear matrix inequality switching, 
but the algorithm is complicated. A tactile guidance system 
that was able to realize shared steering control by both the 
driver and actuator was proposed by Mulder [16]. A model of 
a driver-vehicle-road closed lane keeping system was estab-
lished by Saleh [17], and realized man-machine coordinated 
control of the LKAS based on preview control through a man-
machine coordinated index. Man-machine coordination con-
trol was realized by Sentouh [18] and was based on a model of 
the driver that was able to identify inattention in order to 
minimize interventions by the LKAS controller. A designed 
man-machine cooperation controller for obstacle avoidance 
was proposed based on the T-S fuzzy theory [19]. The real-
time online status of the driver was not considered in the 
methods mentioned above. The linear parameter varying 
(LPV)/H∞steering angle controller and second-order sliding 
mode steering torque controller in the LDAS were designed 
by Tan [20] based on the man-machine weight allocation 
module. The characteristics of the driver were considered 
when designing the steering controller, but the nature of the 
man-machine weight allocation method was complicated. In 
order to coordinate the online LDAS switching smoothly from 
man-machine cooperative control to driver control, more re-
search is needed to optimize the man-machine weight alloca-
tion when the driver is experiencing different conditions.  

The main function of the EPS is to provide power assisted 
steering in order to reduce the burden on the driver, and im-
prove their comfort. In addition, the EPS provides a good 
foundation for the further development of assisted driving. 
The steering angle and steering torque controller in the LDAS 
were designed based on the EPS, and the LDAS is an expan-
sion of the EPS function. During normal situations, steering 
control based on EPS system was involved to avoid lane de-

parture. However, under complex driving conditions when the 
vehicle reached the handling limits, both steering and braking 
collaborated together to avoid lane departure based on EPS 
and ESP system. Due to the time varying vehicle speed and 
the uncertainty of tire cornering stiffness, robust braking con-
trol is still a challenge. 

In this paper, we study the man-machine cooperative con-
trol problem as well as the avoiding lane departure enhance-
ment based on the EPS system and ESP system. The main 
contributions of this work can be summarized as follows: (1) 
In the man-machine cooperative control aspect, a fuzzy ob-
server is designed based on the lateral offset of the single-
point preview and the driver torque. A man-machine switch-
ing criterion is proposed which realizes smooth switching 
from man-machine cooperative control to driver control. (2) In 
the controller design aspect, during normal situations a LDAS 
controller is designed based on the steering system. A gain 
scheduling braking controller is designed based on the energy-
to-peak performance indicators when the vehicle reached the 
handling limits. The coordination of steering and braking con-
trollers is achieved through an upper monitor. (3) On the 
simulation side, the man-machine cooperative control is simu-
lated by CarSim/Simulink, and a hardware-in-the-loop test 
platform is set up based on the EPS system and ESP system. 

This paper is organized as follows. Sec. 2 describes the pro-
posed lane departure decision algorithm. Sec. 3 provides the 
design procedures for the proposed steering angle and steering 
torque controllers, the proposed man-machine cooperative 
control fuzzy observer, the proposed gain scheduling braking 
controller, and the determining factors for switching from 
man-machine cooperative control mode to driver control 
mode. Sec. 4 compares the performance of the LDAS with the 
controller, and man-machine cooperative control mode based 
on CarSim/Simulink. Sec. 5 presents the LDAS hardware-in-
the-loop test platform, which is based on the EPS/ESP sys-
tems and CarSim/LabVIEW RT. The results of the proposed 
strategy of the LDAS demonstrate its ability to correctly re-
turn the vehicle to the normal lane in man-machine coopera-
tive control mode. Sec. 6 outlines our conclusions. 

 
2. Lane departure decision algorithm 

In order to avoid falsely activating the LDAS when the 
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Fig. 1. Schematic diagram for vehicle in the lane. 
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driver is intentionally driving the vehicle near the lane border, 
a safe driving zone was defined by Enache [4], which meant 
that if vehicle was driving in the safe zone, then the LDAS 
would not intervene. The safe driving zone in the lane is 
shown in Fig. 1, where lf is the distance from the vehicle cen-
ter of mass to the front axle, L is the lane width, ls is the sin-
gle-point preview distance, yL is the lateral offset, and the 
width of the safe central area is 2d where 2d < L. A counter-
clockwise direction of deviation for the yaw angle is consid-
ered to be positive, the lateral offset of the single-point pre-
view and the vehicle mass center is considered positive when 
it is in the center line on the left side of the road. Based on 
vehicle front wheel track B, the lateral offset of the front left 
and front right wheels of the vehicle can be determined based 
on the geometric relationships. 
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In general, if the deviation of the yaw angle ψL in Eq. (1) is 

very small, sinψL ≈ ψL and cosψL ≈ 1. The lateral offset of the 
single-point preview and the deviation of the yaw angle are 
determined based on the CCD camera preview information 
via image processing algorithms. Therefore, the lateral offset 
of the vehicle mass center is .CG L s Ly y ly= -   
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According to Eq. (2), whether the conditions of both front 

left and front right wheel on the vehicle are in the safe driving 
zone of the LDAS is determined by: 

 
(2 ) / 2 ( ) (2 ) / 2L f s Ld B y l l d By- - £ + - £ - .  (3)

 
 
The on-center handling area is often referred to as the driv-

ing conditions in which the vehicle is in or around the neutral 
position, the steering wheel angle and lateral acceleration are 
both low, and the steering wheel angular rate is slow. Inatten-
tion or fatigue on the part of the driver may cause the vehicle 
to deviate from its lane. Based on the on-center handling char-
acteristics, the decision condition for lane departure is: 

 
dT < 2 N.m Ù DLCd 0.4 m Ù swd < 20 deg 

Ù sww < 50 deg/s Ù r < 6 deg/s                    (4) 

 
where “Ù ” denotes the logical AND in Eq. (4). Td is the 
driver torque, dDLC is the distance to line crossing, δsw is the 
steering wheel angle, ωsw is the steering wheel angular rate, 

and r is the yaw rate. Threshold constant of dDLC can be found 
in Ref. [14], and threshold constants of Td, δsw, ωsw and r can 
be found in Refs. [17, 21], for lane keeping or normal or emer-
gency lane changing, the conditions under which the driver 
receives the highest steering weight are: 

 
2 N.m dT£ < 6 N.m ( ) (2 ) / 2L f s Ly l l d ByÙ + - < -   

dTÚ ³ 6 N.mÚ Turn signal.                       (5) 

 
where “Ú ” denotes the logical OR in Eq. (5). 

 
3. LDAS control 

To ensure that the LDAS is able to realize man-machine 
cooperative control operations under complicated driving 
conditions, we propose an LDAS control strategy based on 
steering and braking systems, which are both reliable electro-
mechanical executive systems that have been widely used in 
passenger cars. This makes it easier to integrate them into 
existing systems. In order to ensure riding comfort when the 
difference between the expected and actual yaw rates is 
greater than the set threshold of 15 deg/s which was derived 
from tuning, and the brake controller based on the braking 
system is able to intervene through LDAS control. That is to 
say that the controller based on the steering system is priori-
tized to automatically activate the LDAS. The block diagram 
of the man-machine cooperative control algorithm based on 
the steering and braking systems is shown in Fig. 2. The con-
trol layer in the man-machine cooperative control mode of the 
LDAS is composed of the driver model, the steering angle and 
steering torque controller of the LDAS, and the fuzzy observer 
of the man-machine cooperative control coefficient. 

 
3.1 LDAS controller design based on the steering system 

The road information in the preview area of the LDAS is 
acquired by a visual sensor, such as a CCD camera, and the 
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sT  : Actual steering torque of the LDAS controller 
b   : Side-slip angle 

xv   : Vehicle longitudinal speed 
wP  : Wheel cylinder pressure 

 
Fig. 2. Block diagram of LDAS control based on the steering and 
braking systems. 
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single-point preview distance setting ls = 15 m. The input to 
the path tracking upper controller of the LDAS is LyD =  
0 ,Ly-  which is the difference between the expected and 
actual values of the single-point preview lateral offset, and the 
controller output is *

swd  that corresponds to the desired steer-
ing angle. In this case, the transfer function of the controller is: 

 
*

1 1
1sw

p I
L

K K
y s
d

= +
D

                                (6)
 

 
The controller parameters are set to KP1 = 30 and KI1 = 0.01 

in Eq. (6). 
As shown in Fig. 2, the input to the path tracking lower 

LDAS controller is Δδsw which is the difference between the 
expected and actual values of the steering angle, and the out-
put of the controller is Ta that corresponds to the desired steer-
ing torque. In this case, the transfer function of the controller 
is: 
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The controller parameters are set to KP2 = 12 and Kd2 = 0.01 

in Eq. (7), and the filter coefficient N0 = 100. The desired mo-
tor torque is Tm = Ta/N, where the worm gear and worm gear 
reduction ratio is N. Finally, the steering torque closed loop 
control is realized by the output PWM signals of the lower 
proportional-integral-derivative (PID) controller that drive 
motor. 

 
3.2 Driver model 

The man-machine cooperative control mode was simulated 
by the LDAS controller using a lane keeping neuromuscular 
dynamics model based on the physiological and psychological 
characteristics of a driver. In order to avoid actual manipula-
tion on the part of the driver from creating uncertainty that 
prevents the objective evaluation of the man-machine coop-
erative control performance, the driver model shown in Fig. 3 
was adopted to simulate the man-machine cooperative control 
mode. The model is composed of an integrated-type steering 
angle input model based on a vehicle trajectory prediction and 

the neuromuscular system of the driver, where yD =  
/ co .sL Ly y-  The parameters used for the driver model can 

be found in Ref. [22]. The single-point preview distance was 
set to ls = 15 m and the preview time to tp = ls/vx. 

 
3.3 Man-machine cooperative control strategy 

The relationship between the degree of lane departure, the 
lateral offset of the single-point preview based on the visual 
sensor (CCD camera), and the driver torque cannot be accu-
rately described. In other words, the control process signal 
evaluation index cannot be quantitatively determined. Fuzzy 
control theory is an effective way to solve this problem. While 
in operation, the system constantly tests the lateral offset and 
driver torque based on the fuzzy control rules, and adjusts the 
man-machine mutual control coefficient α, which causes α to 
dynamically switch between 0 and 1. In this manner, the sys-
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Fig. 3. Driver model. 

 

Table 1. Fuzzy rules of mutual control coefficient. 
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Fig. 4. Membership functions of yL. 
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tem is able to switch from man-machine cooperative control 
mode to driver control mode (and vice versa). 

As shown in Fig. 2, the inputs to the fuzzy observer are the 
lateral offset and driver torque, and the output from the fuzzy 
observer is the mutual control coefficient of the driver and 
LDAS controller. The fuzzy input membership functions are 
shown in Figs. 4 and 5, and the fuzzy output membership 
functions are shown in Fig. 6. The basic domain of discourse 
of the lateral offset is [-0.4, 0.4] m, the basic domain of dis-
course of the driver torque is [-6, 6] N.m, and the basic do-
main of discourse of the mutual control coefficient is [0, 1]. 
The fuzzy subset of the lateral offset and driver torque is {NB, 
NM, Z, PM, PB}, the fuzzy subset of the output of the fuzzy 
observer (mutual control coefficient) is {Z, S, M, L, VL}, and 
the fuzzy rule table of the mutual control coefficient is shown 
in Table 1. 

 
3.4 Switching strategy 

One of the key problems in the LDAS is how implement the 
switch from man-machine cooperative control mode to driver 
control mode when the system is not in steady state. It is pos-
sible to transiently satisfy the conditions in Eq. (5) if all of the 
steering control weight is assigned to the driver. However, the 
vehicle may not be able to accomplish a smooth switch to 
driver control; therefore, a judge index τα is proposed, which 
means that the duration is below the threshold value αth of the 
man-machine cooperative control coefficient, where αth = 0.35. 
The conditions under which the LDAS switches to driver con-
trol mode are: 

 

at ³ 0.5 sÚ dT ³ 6N.mÚ Turn signal.               (8) 
 
The CarSim/Simulink simulation parameters are as follows. 

The tire-road friction coefficient is 0.85, the lane width is 
3.75 m, the speed is 120 km/h, and the road model consists of 
a 1 km straight road. The output torque of the steering control-
ler is limited to 15 N.m. Driver fatigue or inattention is simu-
lated by a 1 N.M constant clockwise steering torque. In the 
proposed lane departure decision algorithm, the steering con-
troller is activated at 4.37 s. When the driver characteristics 
are considered, it is not likely that the driver and steering con-
troller participate at the same time in correcting the vehicle 
back to the normal lane. Consequently, the driver model is set 
to a concentration of driving state of 5 s, and the output torque 

of the driver model is limited to 5.8 N.m. The man-machine 
switching principle proposed in Ref. [4] is represented by 
“Enache” in the figure. The dDLC is shown in Fig. 7, although 
the driver model, steering controller, and man-machine coop-
erative control mode in the LDAS with different switching 
criteria can correctly return the vehicle to its normal lane. The 
minimum distance to line crossing is 0.06 m under the driver 
model control, while the minimum distance to line crossing 
under the remaining three control methods is approximately 
0.35 m. Therefore, the ability of the latter three methods to 
correct the vehicle back to the normal lane is better than that 
for the driver control mode. The steering torque, as shown in 
Fig. 8, is based on the man-machine switching principle of 
“Enache” and meets the switch principle at 5.55 s. At this time, 
the whole steering control weight is given to the driver; how-
ever, it is apparent that the driver is not able to smoothly as-
sume control of the vehicle. The steering torque in the man-
machine switching principle proposed in this paper is shown 
in Fig. 9, the man-machine mutual control coefficient is 
shown in Fig. 10, the steering controller of LDAS stops run-
ning at 7.82 s, the vehicle smoothly switches to driver control, 
and the effectiveness of the proposed man-machine switch 
control strategy has been verified. 
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Fig. 9. Steering torque. 

 

0 2 4 6 8 10
0

0.2

0.4

0.6

0.8

1

Time t/s

M
ut

ua
l d

riv
in

g 
co

ef
fic

ie
nt

  a

 

 

The proposed method ENACHE

 
 
Fig. 10. Mutual control coefficient. 

 



2934 X. Wang and Y. Cheng / Journal of Mechanical Science and Technology 33 (6) (2019) 2929~2940 
 

 

3.5 Braking controller 

The brake controller in the LDAS was designed based on 
the linear two degrees of freedom vehicle model. The system 
state equation can be expressed as: 

 
1 1 2( ) ( ) ( ) ( )t t u t u t= + +x Ax B B& .                   (9) 

 
The state vector in Eq. (10) is 1] ,[ , ,T
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where the front wheel steering angle is δf, the correct yaw 
moment is ΔMz, the front and rear tire cornering stiffness is Cf 
and Cr, respectively, the vehicle mass is m, and the yaw mo-
ment of inertia is Iz. If the desired values of βd and rd are used 
as the state variables in Eq. (9), when the system desired input 
is δf, and the linear two degree of freedom vehicle handling 
characteristic state equation can be expressed as: 

 
( ) ( )d d d d ft t d= +&x A x B .                            (10) 

 
In Eq. (10), [ , ]T

d d drb=x , setting ( ) ( ) ( )dt t t= -e x x , ac-
cording to Ref. [22], the system state equation is: 

 
1 2( ) ( ) ( )ft t u td= + D +e Ae B B& .                       (11) 

 
The desired side-slip angle βd of the LDAS can be found in 

Ref. [23], and the desired yaw rate rd of the LDAS can be 
found in Ref. [24]. 

The tire cornering stiffness is one of the important parame-
ters in a vehicle dynamics control system, due to the fact that 
the tire cornering stiffness is influenced by various factors, 
such as the vehicle weight, road adhesion coefficient, tire 
pressure, etc., which is to say that the tire cornering stiffness is 
not a fixed value. The tire cornering stiffness with uncertainty 
can be represented as: 
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where Cf0 and Cr0 are the front and rear tire nominal cornering 
stiffness, respectively; Cf and Cr are the front and rear tire 
actual cornering stiffness, respectively; and ΔCf and ΔCf are 
the amplitude of the front and rear tire cornering stiffness, 
respectively. 

In order to improve the ability of LDAS correct vehicle re-
turn to normal lane, need to make Δβ as small as possible, the 
yaw rate r as possible tracking desired yaw rate rd, that is to 
say Δr as small as possible, so choose two control output as 
follows, 
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In Eq. (12), C1 = [1 0], C2 = [0 1]. 
In Eq. (12), Δδf is the external disturbance input to the sys-

tem dynamics Eq. (11). In order to prevent the influence of an 
external disturbance on the controlled output, the energy-to-
peak performance is chosen as follows: 
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Based on the rear wheel braking scheme, the state feedback 

controller for the gain scheduling of the LDAS is: 
 

( ) ( ) ( )zM t txD = K e .                               (14) 
 
In Eq. (14), K(ξ) is state feedback gain, ξ = [ξ1, ξ2]T. 
Based on the brake controller, the closed-loop system of the 

state space model of the LDAS is: 
 

2 1 1( ) ( ( ) ( ) ( )) ( ) ( ( ) ( )) ft tx x x x x d= + D + + + D De A A B K e B B& . 
 
Corollary 1 Given a disk region D (q, r), if there exist a 

positive-definite matrices Y = YT, matrices ˆ
iK , and scalars ε1,i, 

ε2,i and ε3,i, the minimum energy-to-peak performance index γ1, 
when other energy-to-peak performance index is constrained 
into a prescribed level γ2 can be obtained by solving the fol-
lowing minimization problem [25], 
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1min Ig                                          (15) 
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where 1 2 2

ˆ ˆ ˆ( ) ( )T
i i i i= + + +Ω AY B K AY B K , 1 2i j£ £ £ . 

The feedback gains can be calculated by: 
 

1ˆ
i i

-=K K Y .                                      (16) 
 
The state feedback gain of the optimal energy-to-peak stabi-

lization controller can be calculated as: 
 

1 1 2 2( )x x x= +K K K .                               (17) 
 
The vehicle model that was used is an E-Class/Sedan in the 

CarSim software, which sets the range of the vehicle speed vx

∈[20,40]. The controller gains were acquired by the LMI 
toolbox in MATLAB. 

 
4. Simulation based on CarSim/Simulink 

An E-Class/Sedan was used as the simulation vehicle model 
in CarSim. The tire-road friction coefficient was 0.85, the 
vehicle speed was 90 km/h, the road model was Alt3 from the 
Federal Highway Administration (FHWA), the tracking path 
is shown in Fig. 11, the lane width was 3.75 m, and the simu-
lation time was 12 s. The brake system was simple, and the 
relationship between the wheel brake torque and the pressure 
of the wheel cylinder was 150 N.m/MPa. The largest brake 
wheel cylinder pressure was 12 MPa for a saturated sector. 
The maximum assistive torque applied by the steering control-
ler was 30 N.m. The errors due to driver inattention or fatigue 

were simulated by the driver model and the man-machine 
cooperative control mode at 3.8 s through the proposed lane 
departure criteria. The distance to line crossing is shown in Fig. 
12, the man-machine cooperative control coefficient is shown 
in Fig. 13, the LDAS stopped at 10.2 s, and the EPS and ESP 
systems restored the LDAS to the normal working mode. 

Due to the high vehicle speed, the small curvature radius of 
the corner, and the lack of predictability in the proposed lane 
departure criteria, the vehicle may have already deviated from 
the normal lane in man-machine cooperative control mode. As 
shown in Fig. 12, the minimum distance to line crossing in the 
man-machine cooperative control mode was -0.28 m, while 
the minimum distance to line crossing in man-machine coop-
erative control and brake control mode was 0.01 m. If the 
brake controller was activated, it was able to address poor 
driving conditions and correctly return the vehicle to its nor-
mal lane.  

The wheel cylinder pressure in the left and right wheels are 
shown in Fig. 14, and the maximum braking pressure was 5.5 
MPa. The side-slip angle is shown in Fig. 15, the maximum 
side-slip angle in man-machine cooperative control mode was 
3.3 deg, and the maximum side-slip angle of the man-machine 
cooperative control + brake controller mode was 2.1 deg. The 
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Fig. 11. Tracking path. 
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Fig. 12. Distance to line crossing. 
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Fig. 13. Mutual control coefficient. 
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Fig. 14. Brake pressure. 
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Fig. 15. Side slip angle. 
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steering wheel angle is shown in Fig. 16, the maximum steer-
ing wheel angle of the man-machine cooperative control mode 
was 93.6 deg., and the maximum steering wheel angle of the 
man-machine cooperative control + brake controller mode 
was 74.2 deg. The driver model torque and assistant torque of 
steering controller is shown in Fig. 17 with the man-machine 
cooperative control + brake controller. 

 
5. Hardware-in-the-loop simulation 

In order to perform the hardware-in-the-loop test for the 
LDAS, a new controller was developed based on an EPS sys-
tem to replace the original controller, and an actuator for the 
hydraulic pressure regulator was designed based on an ESP 
system. The LDAS hardware-in-the-loop test bench is shown 
in Fig. 18, and the signal flow diagram for the system is 
shown in Fig. 19. The hydraulic pressure regulator is the most 
important actuator in the electronic stability control system, 
and the fact that there are four independent tubes connected to 
the four-wheel cylinder means that the system can provide 
independent control of all four wheels, in a so-called four 
channel structure. The LDAS was designed based on a rear 
wheel brake control system; therefore, the hydraulic pressure 
regulator only needs to control the brakes for two wheels. The 
brake pressure readings from the wheel cylinder pressure sen-
sors were sent through the wiring board to the data acquisition 
card. 

The hardware-in-the-loop simulation conditions are the 
same as above and are based on the CarSim/LabVIEW RT. 
The scenario wherein a driver drifts outside of the normal lane 
due to fatigue or inattention and does not apply sufficient 
steering torque to recover within 2.2 s was simulated by the 
driver model. The road preview information lane departure 
decision algorithm detected the deviation of the vehicle from 

the normal lane at 2.2 s. The driver and LDAS controller cor-
rectly returned the vehicle to its normal lane at the same time. 
In order to avoid the uncertainty caused by having an actual 
driver manipulate the system, a method for the objective 
evaluation of the man-machine cooperative control perform-
ance was constructed based on LabVIEW to build a driver 
model for correctly returning the vehicle to its normal lane. In 
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Fig. 16. Steering wheel angle. 
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Fig. 17. Steering torque. 

 

 
 
Fig. 18. The test bench. 
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Fig. 19. Control signal flow diagram. 
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Fig. 20. Distance to line crossing. 
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Fig. 21. The cooperative control coefficient. 
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order to simplify the expression in the figure, the LDAS man-
machine cooperative control mode based on the EPS is de-
noted “based on EPS” in the figure, and the LDAS man-
machine cooperative control based on the EPS and ESP sys-
tems is denoted “based on EPS and ESP” in the figure. The 
distance to line crossing is shown in Fig. 20, the minimum 
distance to line crossing of the former was -0.05 m and the 
front wheel of the vehicle had deviated from the normal lane, 
but the minimum distance to line crossing of the latter was 
0.22 m, and the man-machine cooperative control coefficient 
is shown in Fig. 21. The proposed rule for switching between 
the man-machine cooperative control mode and completely 
giving the steering control to the driver occurs at 8.8 s. At this 
time, the EPS and ESP systems return to normal operation.  

As shown in Fig. 20, the proposed man-machine coopera-
tive control mode smoothly switches to driver independent 
control mode, and the LDAS with man-machine cooperative 
control not only correctly returns the vehicle to its normal lane, 
but also allows the vehicle to turn the corner. The steering 
wheel angle is shown in Fig. 22, the absolute maximum value 
of the steering angle of the former was up to 65 deg, the abso-
lute maximum value of the steering angle of the latter was 48 

deg, and the former steering angle was significantly jittery, 
which seriously affected the riding comfort. The steering 
torque of LDAS controller and the driver steering torque are 
shown in Figs. 23 and 24, respectively.  

The side-slip angle is shown in Fig. 25, the maximum abso-
lute value of the side-slip angle of the former was 2.3 deg, and 
the maximum absolute value of the side-slip angle of the latter 
was 1.6 deg. The lateral acceleration is shown in Fig. 26, the 
maximum absolute value of the lateral acceleration of the 
former was 0.7 g, and the maximum absolute value of lateral 
acceleration of the latter was 0.52 g. The yaw rate is shown in 
Fig. 27, the maximum absolute value of yaw rate of the for-
mer was 23 deg/s, and the maximum absolute value of yaw 
rate of the latter was 16 deg/s. The brake pressure of the rear 
left and rear right wheels is shown in Figs. 28 and 29, respec-
tively, and the maximum braking pressure was 5 MPa. In 
conclusion, our results show that the proposed man-machine 
cooperative control strategy of the LDAS based on the EPS 
and ESP systems is able to correctly return the vehicle to its 
normal lane and can smoothly switch from man-machine co-
operative control mode to driver control mode, and lane de-
partures due to driver fatigue or inattention can be avoided. 
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Fig. 22. Steering wheel angle. 
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Fig. 23. Assisted steering torque of the controller. 
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Fig. 24. Steering torque of the driver model. 
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Fig. 25. Side slip angle. 
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Fig. 26. Lateral acceleration. 
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Fig. 27. Yaw rate. 
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6. Conclusions 

The steering angle controller of the LDAS was designed 
based on the lateral offset of the single-point preview steering 
angle. The steering torque controller of the LDAS was de-
signed based on the difference between the desired steering 
angle and the practical steering angle, and the controller pa-
rameters were tuned. A lane departure decision algorithm was 
proposed that takes into account the LDAS safety zone based 
on the vision sensor preview information. In order for the 
LDAS to correctly return the vehicle to its normal lane under 
complex conditions, while considering the time-varying ve-
hicle speed and uncertainty of the tire cornering stiffness, 
based on the energy-to-peak performance index a gain sched-
uling brake controller was designed. In order to ensure riding 
comfort, an upper monitor was designed for the brake control-
ler. 

A man-machine cooperative control fuzzy observer of 
LDAS was designed based on the theory of fuzzy control, 
and the fuzzy rules were determined. CarSim/Simulink was 
used to simulate the conditions under which a driver experi-
encing fatigue or inattention did not notice that the vehicle 
was deviating from the lane. In the simulation, the perform-
ance of the LDAS was compared with the driver model, the 
controller, and man-machine cooperative control. The results 
show that the proposed man-machine cooperative control 
strategy of the LDAS can correctly return the vehicle to its 
normal lane in a timely fashion, and can realize smooth 
switching from man-machine cooperative control mode to 
driver control mode. 

A hardware-in-the-loop test platform for the LDAS was 
configured based on the EPS and ESP systems, and based on 
CarSim/LabVIEW RT the ability to correctly return the vehi-

cle to the normal lane under complicated driving conditions 
was compared, and the results show that the LDAS based on 
the EPS and ESP systems is able to correctly return the vehi-
cle to its normal lane and can smoothly switch from man-
machine cooperative control mode to driver control mode, 
and lane departures due to driver fatigue or inattention can be 
avoided. The LDAS described in this article is designed to 
operate under high speed working conditions; however, our 
team did not to test the system under real-world high-speed 
driving conditions. For this reason, an important area of fu-
ture work is for us to set up an experimental platform that 
includes a real vehicle and lane departure recognition system 
based on vision sensors in order to fully evaluate the per-
formance of the proposed LDAS and man-machine coopera-
tive control modes. 
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Nomenclature------------------------------------------------------------------------ 

L     : Lane width (m) 
ls     : Single-point preview distance (m) 

Ly    : Lateral offset (m) 
d      : Width of the safe central area (m) 
B      : Front wheel track (m) 

Ly     : Yaw angle 
CGy    : Lateral offset of the vehicle mass center (m) 
dT      : Driver torque (N.m) 
DLCd   : Distance to line crossing (m) 
swd     : Steering wheel angle (º) 
sww     : Steering wheel angular rate (rad/s) 

r       : Yaw rate (rad/s) 
ST      : Actual steering torque (N.m)  
b      : Side-slip angle (º) 

xv      : Vehicle longitudinal speed (km/h) 
wP      : Wheel cylinder pressure (Mpa) 
PK     : Controller parameter 
IK     : Controller parameter 

aT      : Desired steering torque (N.m) 
0N     : Filter coefficient 

mT     : Desired motor torque (N.m) 
N     : Worm gear reduction ratio 

pt      : Preview time (s) 
a      : Man-machine mutual control coefficient  
at      : Judge index 
tha     : Threshold value 
fd     : Front wheel steering angle (º) 
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Fig. 28. Brake pressure of rear left wheel. 
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Fig. 29. Brake pressure of rear right wheel. 
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zMD   : Correct yaw moment (N.m) 
fC     : Front tire cornering stiffness (N/rad) 
rC     : Rear tire cornering stiffness (N/rad) 

m      : Vehicle mass (kg) 
zI      : Yaw moment of inertia (kg.m2) 

0fC     : Front tire nominal cornering stiffness (N/rad) 
0rC    : Rear tire nominal cornering stiffness (N/rad) 
( )K x  : State feedback gain 
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