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ABSTRACT

To make improvements on lane keeping assistant system (LKAS), the control strategy
based on parameter varying artificial potential field (APF) is proposed, which overcomes
the shortage that the control precision of traditional APF method could be easily affected
by the sensor noise. The reference models of vehicle and the math model of active
steering system are established firstly. Then, the parameter varying artificial potential
field controller considering vehicle parameter changing (such as vehicle longitudinal and
lateral velocities) and sensor noise is designed; the desired steering angle is obtained
utilizing the gradient of potential field function. By using trajectory prediction theory, the
design parameters of potential field function are determined. The state equation of path
tracking error is established to analysis the stability of the lane keeping control system.
Finally, the co-simulation based on MATLAB/Simulink and CarSim studies show that
the proposed control algorithm not only can assist driver to control vehicle tracking
desired lane more accurately but can restrain the sensor noise’s disturbance.
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1. INTRODUCTION

Among the factors that cause major traffic accidents, the proportion of the driving lane
deviation caused by unfocused or mis operation is more and more high. According to
statistics, traffic accidents caused by lane deviation account for 30 % of total traffic
accidents. In order to ensure the safety of driving and reduce the incidence of major traffic
accidents, further research is needed on lane-keeping control system ™.

A large amount of research has been performed on LKAS [2-15]. Enache et al. [2]
designed an assistant steering controller that prevents vehicle departure from the lane and
guarantees driver maneuvering comfort, and an activation strategy for the corresponding
assistant intervention was proposed. A hybrid-automata-based lane keeping system
model was built by Enache et al. [3], and LMI optimization was utilized to solve complex
Lyapunov equations and obtain a small overshoot when the vehicle returns to the center
line of the lane. The coordination control of the steering and braking systems was adopted
by Goodarzi and Ghajar [4], where the ideal steering torque and the ideal yaw torque
provided by the braking system by the errors between the vehicle and ideal states were
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calculated in the upper-layer controller, and the braking torques of each wheel were
calculated by the required ideal yaw torque of the braking system.

The limitation of a single-point preview was considered by Jalali et al. [5], while a
five-point preview method was proposed, in which the preview distance of each point
varied with the vehicle speed. The proper weighted values were chosen for the lateral
errors of the five points to overcome the limitations of a constant preview distance.
Differential braking was adopted by Lee et al. [6] for lane keeping, where a layered
control model was built. The desired yaw angle velocity preventing vehicle departure
from the lane was calculated under the premise of satisfying comfort in the upper-layer
controller, and the corresponding braking forces were allocated to each wheel by the
desired value in the lower-layer controller. Merah et al. [7] proposed a lane keeping
auxiliary system based on fuzzy-sliding mode controller. By introducing fuzzy control
rules, the auxiliary weights of controller can be changed continuously according to the
behavior of the driver. Tan et al. [8,9] convert lane departure warning into classification
problem, and design a lane departure warning algorithm based on deep neural network.
The results show that the proposed lane departure warning algorithm based on deep
Fourier neural network can predict lane departure events in a timely manner, and the false
alarm rate is significantly reduced compared with the existing method. Saleh et al. [10]
displays a steering assisted shared control law based on H2 preview control. By
integrating the driver model into the vehicle-road model, the driver's behavior is taken
into account in the controller design step. Sentouh et al. [11] think the driver assistance
system should be considered in the ring of the driver in the interference, estimate its
intention to minimize the use of intervention controller driver model can realize the
balance control precision and coordination.

Distinct from the above mentioned control methods, the artificial potential method,
which is extensively applied in solving the path planning of mobile robots to dynamically
avoid obstacles, has also been utilized in an LKAS design. The lane-keeping control
systems based on the artificial potential method have the advantages of simplicity and
ability to operate in real-time and easy combination with the vehicle’s active obstacle
avoidance system.

Chen et al. [12] proposed a local path planning algorithm for an active obstacle
avoidance system for intelligent vehicles based on a repulsive danger force field. An
abacus-type repulsive road and danger force field model was built. Consequently, an
obstacle avoidance path achieved the required vehicle dynamics performance with the
force equilibrium among the road boundary repulsive force, the obstacle boundary
repulsive force, and the elastic rope tension. Rossetter et al. [13,14] introduced a
quadratic potential function for producing a lane-keeping force and designed a Lyapunov
function for the vehicle motion and road potential field energies. Their computing method
using potential field function parameters guaranteed system stability. A vehicle test was
performed on a vehicle equipped with a steer-by-wire system to verify the method’s
effectiveness for lane-keeping control and robustness to Improved disturbances.

The abovementioned methods exhibit a good performance in real vehicles. However,
the designed potential function only includes vehicle-road direction error information
without considering the influences of the vehicle body states. Consequently, the lateral
error control precision is not that high. This study introduces two state parameters,
namely vehicle longitudinal velocity and vehicle lateral velocity, in the potential field
function and proposes a lane-keeping control method based on Improved Artificial
Potential Field parameters (IAPFP) to address the problem of low control precision of the
artificial potential method in lane-keeping control systems. The lane-keeping steering
angle control is then converted to torque control by the Active steering system.



2. SYSTEM METHOD

2.1 System Architecture and Reference Model
2.1.1 Control System Structure

Figure 1 shows the structural framework of the lane-keeping system based on IAPFP.
The vehicle longitudinal and lateral velocities and preview error were obtained by the
lane-keeping controller to output the desired steering angle. The motor voltage was
controlled by the assistant torque controller. The resulting steering angle is used to
control vehicles to achieve lane maintenance.
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Figure. 1 Framework of the lane-keeping coordinated control system.

2.1.2 Vehicle Model

The lane-keeping assistant system was generally designed under normal driving
conditions, where the vehicle dynamics state was in the linear domain. Therefore, a
vehicle model with 2 degrees of freedom could be chosen as the reference model (Figure
2). Its state equations can be expressed as follows [15]:
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where v,_is the vehicle longitudinal velocity; @ is the yaw angle velocity; V, is the

vehicle lateral velocity; & is the front wheel steering angle; m is the vehicle mass; I, is
the vehicle steering inertia around the vertical axis; ¢,and ¢, are the equivalent
cornering stiffness for the front and rear tires, respectively; andZ.and I_are the distances

from the vehicle mass center to the front and rear axles, respectively.
Let «, and e, be the side slip angles for the front and rear tires, respectively, and g, and

0. be the angles between the velocity directions of the front and rear tires, respectively.
The vehicle longitudinal axis is called the velocity angle. Then, a =2C. +2C_,
a,=2Cl1 -2C1 , and a, =2C/} +2C1’. The following equations were obtained by
adopting a small-angle approximation:
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It obtains Eq. (3) from Egs. (1) and (2):



m(v, +Vv,@)=-2C,6, —2C,0, + 2C,5 3)
From (3), the vehicle lateral force is deemed to be from g, and 9, .the & . The control

forces produced by the artificial potential field are commonly considered to be equal to
the force produced by the front tire's steering angle. The potential field force can then be
transferred to the steering angle controlling the vehicle motion.

Figure. 2 Vehicle dynamics model with 2 degrees of freedom.

2.1.3 Active Steering System Model

Figure 3 shows a pillar-type Active steering system that mainly consists of steering
wheel assembly, steering executive assembly, a road-feeling motor, a steering motor, a
steering angle—steering torque sensor, gear and rack steering gear and an electronic
control unit. The active steering system’s steering motor is used to produce the LKAS
steering torque for overcoming the residence.

Figure. 3 Active steering system structure.
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Steering wheel to torque sensor model as follows:
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where 6, is the steering angle of the steering wheel; &, is the steering angle of the
motor; d,is the Speed reduction ratio of road-feeling motor reducer; T, is the driver
torque; T is the steering resistance torque of the steering pillar; rand(0,N,) is random
noise and N, is chosen as 0.3 in this paper ; and J,,, B, andKk. are the steering inertia,

damping, and stiffness of the steering pillar, respectively.
The torque of the motor output axis was obtained as:



T, = 3,0, + By, + <cln On = Ou) (5)
T, =kl,
(6)
where T, is the output torque of the motor; 1 is the current of the motor armature;
k, is the torque constant of the motor; and J_, B_are the steering inertia and the

damping of the motor, respectively.
The electrical equation of the motor was:

U, =R +LI, +k0, (7)

where U, is the input voltage of the motor; L, is the induction coefficient of the
motor; and R, is the internal resistance of the motor.
Steering motor model as follows:
K. (64, /2: X Ir,) ®)
where ¢, is the steering angle of the steering wheel; 0;,is the speed reduction ratio of
steering motor reducer; T, is the driver torque; and J,, , B, andk,are the steering
inertia, damping, and stiffness of the steering pillar, respectively; x is the rack
displacement; r_is the roundness radius of pinion.

The DC motor is used in the steering motor, and its electrical balance equation as
follows:

Tfm = ‘]fméfm + Bfméfm +
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whereU ,, is the input voltage of the motor; L., is the induction coefficient of the
motor; and R,, is the internal resistance of the motor: I, is the current of the Steering

motor.
The gear and rack steering model as follow:
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where M, is the quality of gear and rack; B, is the gear and rack damping coefficient;

and F__ is the resistance equivalent to the rack.T,, and T,, are the back positive torque

rack

of the left front wheel and the right front wheel, respectively; 1, and |_are the left front
wheel and right front wheel steering arm length, respectively.
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2.2 Design of the Improved Artificial Potential Field Function Parameters

2.2.1 Design of the Artificial Potential Field Function

The main idea of utilizing the artificial potential field method for the path tracking
control is to construct a potential field function representing the vehicle danger degree at
different places and perform correction to the state with the lowest danger degree by the



potential force action. The potential field force was determined by the gradient of the
potential field function. The derivative of the potential function, which must be
continuous, can ensure the smoothness of the control force. In addition, the potential field
force should gradually decrease to 0 when the vehicle lateral position approaches the
center of the lane to autonomously control the vehicle. Preview information should be
included in the potential field function to increase the robustness of the path tracking
control for high-speed vehicles. The mathematical expression for the conventional
quadratic potential field function is:

V,(e,)= k(e,a)2 =k (e, +x,sin e2)2 (13)

where k is the potential field function gain; e, is the lateral error to the vehicle mass

center; e, is the lateral error at the vehicle preview distance position; e, is the error of the
vehicle course angle; and x,, is the preview distance (Figure 4).

Road center
line

Figure. 4 Road-vehicle bearing error

Through Eq. (13), the conventional potential field function simply considered the
lateral position error and the directional error between the vehicle and the target path
while ignoring the influence of the vehicle dynamics states on the vehicle lateral control.
The path tracking control precision was not very high in this case. Thus, two vehicle

states (i.e., vehicle longitudinal velocity v, and lateral velocityv, ) were considered.
Accordingly, a preview time t  was introduced to dynamically adjust the preview

distance through the vehicle longitudinal velocity. The new potential field function of the
lane-keeping control was obtained as:

V,(e,)= (\l:—;+ sz(e,a +Kyv, )2 :[5—;+ kZJ(e1 +1,v, sine, + kv, )2 (14)
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Where ki, k2 and k3 are the design parameters of the potential field function, which
required selection with the preview timet . The difference of this function from the

conventional potential field function was that the function described in Eq. (14)
introduced improved parameters v, and v, . Thus, the potential field function was

dynamically changing. The control force produced by the potential field was usually
deemed to act on the vehicle’s front axle and equal to the force produced by the front
tire’s steering angle in Eq. (3). Thus, it obtains:
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2.2.2 Parameter Selection for the Potential Field Function
The four parameters (i.e., k;,k,,k;, and t ) in Eq. (14) must be determined in advance.

The driver preview time t was 0.8-1.5 s and selected as t, =1s. The preview distance
was X, =V, . The lateral error of the vehicle location under the vehicle coordinate system
of the current time after t, was obtained as follows if the cornering angle of the vehicle
mass center was B ~v, /v, and the steering angle & was kept constant through the
vehicle trajectory predictive formula given by Chen et al. [16]:

G,ot,
e, =tan > + B [Xa (16)

where C. is the steady-state gain of the vehicle yaw angle velocity to the steering
angle.
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where L =1, +1_is the vehicle axis distance, and K, is the slope of the vehicle being

steered.
The vehicle was expected to move to the target path after the preview time under the
control of the steering angle by the potential field force, that is, e, =—¢_. A small angle

was approximated from Egs. (1), (15), and (16). It then obtained:
k, =2LC,
k, = 2K, C;
k, =1
(18)

2.2.3 Stability Analysis of the Closed-Loop System
The state equations of the vehicle lateral position error e, and the direction error e,

were redefined using the vehicle dynamics model in Eqg. (1). The following equations can
be obtained assuming that the vehicle was driven with a constant longitudinal velocity v,
in a lane of radius R :
{e’l =V, +V,8, 19)
€ =V —Wees

Where v is the lane tangent direction angle. It obtains the state equation model of

the tracking error variables [17] as follows by combining Egs. (1) and (16):
X, =AX, +B,0+B,y,, (20)

Where
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The steering angle for the lane-keeping control obtained by combining Egs. (12), (15),
and (16) is:

5= —2(\%+ K, J(e1 +1,V,8ine, +V, ) ~ —Z(VLZJr Ky J(el +2v,e, +8) (21)
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The state equation of the path tracking control for the closed-loop system is then
obtained as follows:

Xe = Acl Xe + Bezl/jdes

(22)
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The stability of the closed-loop system was determined by the closed-loop matrix A,

. A, only contained one varying parameter v, , while the trajectory on the S plane of the
roots of the characteristic equation of the closed-loop system (i.e., closed-loop poles) was
drawn to judge the stability of the closed-loop system when the longitudinal velocity
varied in the range of v, <v <v__ . Figure 5 shows the root locus figure of the
closed-loop system when the longitudinal velocity varied from 10 km/h to 120 km/h. All
characteristic roots were located in the left half of the plural plane. Therefore, the
closed-loop system was stable under the variation of longitudinal velocity within a certain
range.
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Figure. 5 Root locus of the closed-loop system while the longitudinal velocity changes.

3. RESULT
3.1 Simulation Verification

Table 1. Parameters for the vehicle and active steering system models

Quantity Value

Vehicle mass m/kg 1416

Vehicle moment of inertia about the yaw axis I, /(kg-m?) 1770
Distance from the center of mass to the front axle l¢/m 1.02
Distance from the center of mass to the rear axle I,/m 1.56

Equivalent cornering stiffness of the front wheel C¢/(N/rad) 48701
Equivalent cornering stiffness of the rear wheel C,/(N/rad) 89690

Steering column moment of inertia J, /(kg-m*) 0.046
Steering column damping coefficient B,(N-m-s/rad) 0.361
Steering column stiffness coefficient K. /(N-m/rad) 115

Motor moment of inertia J,,/(kg-m?) 0.00045
Motor damping coefficient B.,/(N-m-s/rad) 0.0033
Motor torque constant Ky/(N-m/A) 0.05
Induction coefficient of motor L,/H 0.0056
Motor resistance R,/Q 0.37
Motor reduction gear ratio N 22

Transmission ratio of the front wheel to the steering column i, 16.5

In the first simulation driving condition, the LKAS controller individually controlled
the vehicle to track the target path; Alt 3 from FHWA in CarSim was chosen as the route;
and the road adhesion coefficient was 0.9 (Figure 7). The lane-keeping control results
based on the conventional artificial potential field and the proposed IAPFP were
compared for the 50, 60, and 80 km/h velocities.
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Figure. 6 Simulation route

The potential field function parameters of the conventional artificial potential field
were determined by the vehicle model for the vehicle longitudinal velocity of 60 km/h.
The vehicle lateral errors in Figure 7a can be controlled in a certain range using the two
methods. However, the control precision of the conventional artificial potential field was
worse on a curved lane. The proposed potential field function considered the vehicle
lateral velocity. Meanwhile, the vehicle lateral error control performance was enhanced
under the curved lane condition. Compared with that using the conventional method of
fixed parameters, a better lane-keeping precision can be obtained using the proposed
method of varying potential field function parameters with velocity when the vehicle

longitudinal velocity was 50 or 80 km/h.
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Figure. 7 Lane-keeping control precision comparison under different velocities.



In addition, the comparison of the two methods in terms of angle, lateral acceleration
and yaw rate are shown in Figure 8. The simulation speed is 80km/h. From Figure 8a, we
can see that the controller has less interference on steering wheel angle with the method
proposed in the article. Meanwhile, the values of lateral acceleration and yaw rate of
vehicle are also smaller than that of traditional APF method. Therefore, the driving
stability of vehicles is higher and the occupant will get better travel experience.
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Fig. 8. Comparison of control performance between the two methods (80km/h).



3.2 Hardware-in-Loop Experiment

The proposed method of the Improved Artificial Potential Field parameters was
further verified through a hardware-in-loop simulation. Figures 9 show the experimental
platform and the equipment framework. The experimental bench consisted of the six
following parts: upper-layer computer, lower-layer computer, interface system, steering
pillar, active steering system motor controller, and servo motor system used for
simulating the steering resistance force. The CarSim full-vehicle dynamics model was
built in the upper-layer computer. CarSim and LabVIEW RT were combined to edit the
lane-keeping control program. NI PXI was adopted as the lower-layer computer, which
runs the simulation program built in the upper-layer computer in real time.

Carsim virtual
SCB-68 wiring board PXI| hardware Labview environment

o£

resistance signal

g_l ‘@fv L

Servo motor EPS steering Driver
Sensor|  column

signal

l Steering  Sensor

Assistance
torque

Assistance motor contr:::IIer
Figure. 9 Framework of the hardware-in-loop experiment.

The interface system was responsible for inputting the steering angle. The driver
torque was collected by sensors to the PXI real-time control system, while the control
signal was output to the actuator’s controller (e.g., active steering system motor controller
controlling assistant torque and servo motor generating steering road feeling). The
vehicle model parameters and the target route in the experiment were the same as those in
the simulation.

Figures 10 and 11 illustrate the experimental results of the vehicle lateral error and the
steering angle when the driver does not participate in control, and the vehicle longitudinal
velocity is 70 km/h. Figure 10 shows that the lane-keeping control precision of the
proposed method of the Improved Artificial Potential Field parameters was still better
than that of the conventional method. Figure 16 presents the desired and actual steering
angles output by the lane-keeping controller, where an error can be observed. A time lag
also existed between the actual steering angle and the desired one. This time lag was
caused by friction and the motor response’s unavoidable relative lag in the real steering
system.
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Figure. 10 Comparison of the vehicle lateral errors.
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Figure. 11 Desired and actual steering angles.

4.CONCLUSIONS

The following conclusions can be drawn from the present study: The influence of the
two state parameters, namely vehicle longitudinal velocity and vehicle lateral velocity, on
the lane-keeping control was considered.

The method of Improved Artificial Potential Field function parameters was then
designed to apply trajectory predictive theory and determine the selection method for the
potential field parameters. The path tracking lateral error dynamics model was analyzed.
Subsequently, the lane-keeping closed-loop control system was inferred. The stability of
the lane-keeping control system based on the Improved Artificial Potential Field
parameters was demonstrated by drawing the root locus Figure of the closed-loop system
with the change of the vehicle longitudinal velocity.
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