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Abstract. A path tracking controller based on active disturbance rejection control(ADRC) theory 
is presented in this paper to solve path tracking problem in inverse vehicle handling dynamics. 
The basic idea behind the work is to design an active disturbance rejection controller according to 
yaw rate and lateral displacement during a vehicle travels along a prescribed path to generate an 
expected trajectory which guarantees minimum clearance to the prescribed path. Aiming at this 
purpose, using preview follower theory, a linear extended state observer based on lateral 
displacement is designed. Considering yaw angle of vehicle, a non-linear combination function 
combined error of lateral displacement as well as error of yaw angle is designed according to 
monotone bounded hyperbolic of tangent function. Finally, a real vehicle test is executed to verify 
the rationality of the path tracking controller. At the same time, according to characteristics of 
pavement file in Carsim, a 3-D virtual pavement model is established and ride comfort simulation 
of random pavement is carried out in the software model. The results show that the minimum 
lateral position error of the generated path tracking trajectory can be good indicators of successful 
solving of the path tracking problem in inverse vehicle handling dynamics for ADRC. More 
precisely, there is higher calculation accuracy for the algorithm of the ADRC to solve the path 
tracking problem. The study can help drivers easily identify safe lane-keeping trajectories and 
area. 
Keywords: vehicle handling dynamics, path tracking, ADRC, inverse problem. 

1. Introduction 

The emergence of automobile has brought great changes to human life style. The rapid 
development of automobile industry and the continuous improvement of economic level have 
brought not only popularization of automobile but also a series of social problems. As a result, 
road traffic accidents have become serious global public safety problems. The growing mobility 
of people and goods has a very high societal cost in order to protect people from vehicle accidents. 
Most car accidents occur because of human mistakes in decision making and vehicle handling of 
the vehicle. Several studies show that the driver is responsible for most accidents, which occur 
mainly due to distraction and wrong perception and judgment of the traffic and environmental 
situations around the vehicle. As autonomous vehicles enter public roads, they must be capable of 
not only normal driving but also maneuvers to avoid accidents [1-7].  

These accidents can be avoided by certain vehicle control systems, particularly an active safety 
control system. The development of advanced active safety systems that improve vehicle stability 
is a prominent area of automotive research. 

The path tracking problem has been studied in the literatures. A brief review is presented in 
what follows. 

Luo, et al. [8], designed a dynamic automated lane change maneuver based on vehicle-to-
vehicle communication to accomplish an automated lane change and eliminate potential collisions 
during the lane change process. Esmaeil, et al. [9], presented a Fuzzy Inference System (FIS) 
which models a driver’s binary decision to or not to execute a discretionary lane changing move 
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on freeways. Wu, et al. [10], proposed a novel modeling and simulation environment developed 
under Matlab/Simulink with friendly and intuitive graphic user interfaces, aimed to enable 
math-based virtual development and test of intelligent driving systems. Miyake, et al. [11], 
considered a function that displays lane guidance on an image of the front scene that matches what 
drivers actually see outside the vehicle in order to achieve intuitive lane guidance. Hou, et al. [12], 
developed a lane changing assistance system that advises drivers of safe gaps for making 
mandatory lane changes at lane drops. Desiraju, et al. [13], proposed an algorithm which is 
distributed in nature and made use of vehicle-to-vehicle and/or vehicle-to-infrastructure 
communication technologies to judiciously make local lane-change decisions while guaranteeing 
that no collisions will occur. Dang, et al. [14], designed a novel coordinated ACC system with a 
lane-change assistance function, which enables dual-target tracking, safe lane change, and 
longitudinal ride comfort. The paper analyzed lane-change risk by calculating minimum safety 
spacing between the host vehicle and surrounding vehicles and developed a coordinated control 
algorithm using model predictive control theory. Wang, et al. [15], proposed a multiple cycle 
sine-wave steering input (MCSSI) maneuver to solve the single lane-change maneuvers problem 
exploring the effect of the transient response. Benloucif, et al. [16], presented an automated driving 
system that is structured in hierarchical levels to allow suitable interaction with the driver on 
multiple driving levels to ensure cooperation with the driver. Yan, et al. [17], developed driver’s 
trust in assistance systems based on the assumption that driver’s appropriate trust in these systems 
can be built when the support of assistance systems is adapted to the drivers’ uncertainty state and 
helps reducing their uncertainty. 

The above method can solve the path tracking problem effectively but has some drawbacks 
such as difficulty in rule-making, strong dependency on precision of model of the controlled object 
and insufficient consideration of external disturbance. 

This paper aims to present a controller based on active disturbance rejection control theory for 
path tracking problem in inverse vehicle handling dynamics. The method is used to build the active 
disturbance rejection controller for vehicle tracking the desired path with optimal control input. 
Focusing on the above purpose, this paper presents a 3-DOF vehicle model and then proposes the 
active disturbance rejection controller for path tracking problem. Taking into account the 
effectiveness of the proposed method, we propose a comparative verification. After verifying 
correctness of the numerical simulation by experiment, the conclusions are summarized and the 
future research directions are suggested. 

2. Model of vehicle path tracking problem 

2.1. Mathematical model of vehicle path tracking problem 

It is assumed that the influence on the steering system，suspension，unevenness of road and 
air resistance is ignored, and the steering angle at the front wheels is set as input. The vehicle 
movement can be simplified as a 3-DOF vehicle model which can reflect the lateral dynamics of 
the vehicle depicted accurately in Fig. 1. For simplicity, in order to make the design of the path 
tracking controller meet the demand of engineering applications the controller is designed based 
on the 3-DOF vehicle model. 

The dynamics equation of the 3-DOF vehicle model can be described as:  

൜݉ܽ௬ = ௬௙ܨ2 + ௬௥ܨ2 + ሶߛ௭ܫ,௕௔௡௞ܨ = 2݈௙ܨ௬௙ − 2݈௥ܨ௬௥,  (1)

where ݉ is vehicle mass; ܫ௭  is yaw moment of inertia; ݈௙  and ݈௥  are the distances of center of 
gravity of the vehicle to the front and rear axles, respectively; ܽ௬ is lateral acceleration of the 
vehicle; ܨ௬௙ and ܨ௬௥ are the lateral forces generated in the tires; ܨ௕௔௡௞ is the force generated as a 
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result of bank angle. The bank angle is ignored hence and ܨ௕௔௡௞ is set to zero;ߛis the yaw rate.  

 
Fig. 1. 3-DOF vehicle model 

To calculate the vehicle positions in the Earth coordinate defined by ݔ and ݕ, the vehicle 
velocity in the body coordinate is projected in the Earth coordinate as: ൜ݔሶ = ߠcosݑ − ሶݕ,ߠsinݒ = ߠcosݒ +  ,ߠsinݑ
where ߠ is the heading angle of the vehicle. 

2.2. Tire model 

The lateral force which is calculated by the linear tire model is required to complete  
obstacle-avoidance maneuver by steering. And the lateral stiffness of the tire is estimated based 
on the Magic equation tire model. It is assumed that the load transfer is ignored, and the left 
sideslip angle of the tire is equal to the right one. The lateral forces of front and rear wheels can 
be expressed as: 

൜ܨ௬௙ = ௙ܿߙ௙,ܨ௬௥ = ܿ௥ߙ௥,  (2)

where ௙ܿ and ܿ௥ are the lateral stiffness of the front and rear tires. ߙ௙ and ߙ௥  are the front and rear 
slip angles. ௙ܿ and ܿ௥ are estimated by the initial slope of Magic equation tire model: 

۔ۖەۖ
ۓ ௙ܿ = ௙ߙ௬௙߲ܨ߲ ቤ ௙ߙ = 0,

ܿ௥ = ௥ߙ௬௥߲ܨ߲ ฬ ௥ߙ = 0.  (3)

Constrains on the slip angle of front and rear tires as well as the side slip angel and the yaw 
rate are imposed as: 

൞ߙ௙ = ߚ + ݈௙ݑߛ − ௥ߙ,ߜ = ߚ − ݈௥ݑߛ ,  (4)

where ߚ is the side slip angle; ݑ is the longitudinal velocity; ߜ is the front steering angle. 
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In state space form the basic equation of motion for this model is:  

൤ߚሶߛሶ ൨ = ێێێۏ
ۍ − ௙ܿ + ܿ௥݉ݑ −1 − ݈௙ ௙ܿ − ݈௥ܿ௥݉ݑଶ− ݈௙ ௙ܿ − ݈௥ܿ௥ܫ௭ − ݈௙ଶ ௙ܿ + ݈௥ଶܿ௥ܫ௭ݑ ۑۑۑے

ې ൤ߛߚ൨ + ൦ ௙݈݉ܿݑ௙ ௙ܿܫ௭
൪ (5) .ߜ

2.3. Optimal preview time 

A small preview time ܶ will make amplitude of the steering angle increased as well as the 
steering rate in the path tracking process. So, the errors between the tracking path and the ideal 
path will become smaller as a result. But too small preview time will lead to instability or even 
oscillation for the system. 

The preview time was calculated by experimental calibration methods in the past. A large 
preview time will make the difference between the tracking path and the ideal path become larger 
but can reduce the steering angle as well as the steering rate as well as reducing the lateral 
acceleration of the vehicle. 

The preview time should be selected according to the actual driving conditions, the error 
between the tracking path and the ideal path ܧ  and steering rate ߜ௦௪ᇱ  as well as the lateral 
acceleration ܽ௬. Comprehensive evaluation indicators which are described as following are used 
to solve the optimal preview time [18]: 

்ܬ = ாܬ + ఋᇱೞೢܬ + ௔೤ܬ = ௡ݐ1 න ൥൬ܧܧ෠൰ଶ + ቆߜ௦௪ᇱ መ௦௪ᇱߜ  ቇଶ + ቆܽ௬ොܽ௬ቇଶ൩௧೙଴ (6) ,ݐ݀

where: 

ەۖۖ
۔ۖ
ாܬۓۖ = ௡ݐ1 න ൬ܧܧ෠൰ଶ ௧೙଴ݐ݀ ,

ఋᇱೞೢܬ = ௡ݐ1 න ቆߜ௦௪ᇱ መ௦௪ᇱߜ  ቇଶ ௔೤ܬ௧೙଴,ݐ݀ = ௡ݐ1 න ቆܽ௬ොܽ௬ቇଶ ௧೙଴ݐ݀ .
 (7)

where ݐ௡ is the duration in the path tracking processing; ܬா, ܬఋᇱೞೢ and ܬ௔೤ are evaluation indicators 
of the error between the tracking path and the ideal path ܧ and steering rate ߜ௦௪ᇱ  as well as the 
lateral acceleration ܽ௬  respectively. ܧ෠ መ௦௪ᇱߜ ,  and ොܽ௬  are threshold values of ܧ ௦௪ᇱߜ ,  and ܽ௬ 
respectively. According to [19] and the research objective of this paper, in the case of stricter 
constraint for the error between the tracking path and the ideal path, ܧ and ߜ௦௪ᇱ  as well as ܽ௬ 
should be set as ܧ෠ = 0.2 m, ߜመ௦௪ᇱ = 360 °/s, ොܽ௬ = 0.3 g respectively. In order to solve the preview 
time, ்ܬ should be minimized. 

3. Design of linear active disturbance rejection controller based on vehicle yaw rate  

The Laplace variation of the state equation of the 3-DOF vehicle dynamics model is operated. 
Then the equation of the transfer function between yaw rate and front steering angle is obtained 
[20]: 
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(ݏ)௙ߜ(ݏ)ߛ = ݏ݀ + ଶݏܽ݁ + ݏܾ + ܿ, (8)

where: ܽ = ܾ     ,௭ܫݑ݉ = ݉൫݈௙ଶ ௙ܿ + ݈௥ଶܿ௥൯ + ௭൫ܫ ௙ܿ + ܿ௥൯,ܿ = ௙ܿܿ௥(݈௙ + ݈௥)ଶ/ݑ − ௙݈)ݑ݉ ௙ܿ − ݈௥ܿ௥),݀ = ݑ݉ ௙݈ܿ௙,     ݁ = ௙ܿܿ௥( ௙݈ + ݈௥).  
Eq. (9) can be obtained by implementing Laplace inverse transformation on Eq. (8): 

ሷߛ = − ܾܽ ሶߛ − ܿܽ ߛ + ݀ܽ ሶ௙ߜ + ݁ܽ (9) .ߜ

It is assumed that ߛ = ሶߛ ,ଵݔ = ሷߛ ,ଶݔ = ሶଶ, ܾ଴ݔ = ݁ ܽ⁄  then Eq. (10) can be expressed as: 

,ଵݔൣ݂ ,ଶݔ ሶ௙൧ߜ = − ܾܽ ሶߛ − ܿܽ ߛ + ݀ܽ ሶ. (10)ߜ

Eq. (10) can be transformed into an integrator-series system. More precisely, that is the 
standard form: 

ቐݔሶଵ = ሶଶݔ,ଶݔ = ,ଵݔ)݂ ,ଶݔ (ሶߜ + ܾ଴ݕߜ = .ଵݔ , (11)

According to the second-order integrator series system shown in Eq. (11), a second-order 
linear active disturbance rejection path tracking controller based on yaw rate is designed as shown 
in Fig. 2. 

 
Fig. 2. Second-order linear ADRC of path tracking 

From Fig. 2 it can be seen that the linear active disturbance rejection controller consists of 
three parts: a linear tracing differentiator, a linear combination and a linear extended state  
observer. The linear tracking differentiator which is capable of arranging a transition process for 
reference input signal and extracting first-derivative of the ideal input signal and filter input signals ߛௗ is located in the feed-forward link of the linear active disturbance rejection controller. And the 
tracking differentiator is a non-linear dynamic link. The core component of the linear active 
disturbance rejection controller is the linear extended state observer, which can estimate the 
external disturbance and the model uncertainty in real time and compensate in the feedback  
control. Outputs (ݖଵ, ݖଶ) of the linear extended state observer and the tracking signals (ݒଵ, ݒଶ) of 
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the linear tracking differentiator can provide the control law (ݑ଴) operating on the actuator of the 
controlled object by the linear combination of the error (݁ଵ) and the differential (݁ଶ) of the error. 

The discretization of each part of the expression is as follows: 
(1) Linear tracing differentiator: 

ቊݒଵ(݇ + 1) = (݇)ଵݒ + ℎݒଶ(݇),ݒଶ(݇ + 1) = (݇)ଶݒ + ℎൣ−݇ଵ൫ݒଵ(݇) − ௗ(݇)൯ߛ − ݇ଶݒଶ(݇)൧, (12)

where ߛௗ(݇) is the target input signal; ℎ is the simulation step length; ݇ is the number of samples; ݒଵ(݇) and ݒଶ(݇) track ߛௗ(݇) and ߛሶௗ(݇) respectively; ݇ଵ and ݇ଶ are design parameters. 
(2) Linear extended state observer: 

۔ۖەۖ
(݇)݁ۓ = (݇)ଵݖ − ଴ଵߚ,(݇)ߛ = 3߱଴,    ߚ଴ଶ = 3߱଴ଶ,    ߚ଴ଷ = ߱଴ଷ,ݖଵ(݇ + 1) = (݇)ଵݖ + ℎሾݖଶ(݇) − ݇)ଶݖ,଴ଵ݁(݇)ሿߚ + 1) = (݇)ଶݖ + ℎሾݖଷ(݇) − (݇)଴ଶ݁ߚ + ܾ଴ݑ(݇)ሿ,ݖଷ(݇ + 1) = (݇)ଷݖ + ℎሾ−ߚ଴ଷ݁(݇)ሿ,  (13)

where ߛ(݇) is output of the controlled object; ݖଵ(݇), ݖଶ(݇) and ݖଷ(݇) are outputs of the linear 
extended state observer; ߱଴  is bandwidth of the linear extended state observer; ܾ଴  is design 
parameter. 

(3) Linear combination: 

۔ۖەۖ
݇)ଵ݁ۓ + 1) = ݇)ଵݒ + 1) − ݇)ଵݖ + 1),݁ଶ(݇ + 1) = ݇)ଶݒ + 1) − ݇)ଶݖ + ଵߚ,(1 = 2߱௖ܾ଴ ଶߚ    , = ߱௖ଶܾ଴ ݇)଴ݑ, + 1) = ݇)ଵ݁ଵߚ + 1) + ݇)ଶ݁ଶߚ + 1), (14)

where ߱௖  is desired bandwidth of the closed-loop system, ߱଴ = 5-10߱௖ ଵߚ .  and ߚଶ  are design 
parameters which are solved by bandwidth of the closed-loop system. 

The control law (ݑ଴) is a linear combination of the error (݁ଵ) and the differential (݁ଶ) of the 
error. The unknown disturbance should be eliminated before the actuator of the controlled object 
is input. The control (ݑ) operating on the actuator of the controlled object can be expressed as: 

݇)ݑ + 1) = ݇)଴ݑ + 1) − ݇)ଷݖ + 1)ܾ଴ . (15)

4. Numerical simulation and experimental verification 

4.1. Simulation result 

In order to verify the control effect of the path tracking controller, simulation is carried out by 
Carsim/Simulink. Carsim which is one kind of vehicle dynamics simulation software can simulate 
the real vehicle dynamic characteristics and analyze vehicle response to driving control on 
different 3-D pavements as well as having the advantages of convenient rapid operation and high 
simulation precision.  

Fig. 3 shows the co-simulation of Carsim and Simulink. 
In order to compare with results of real vehicle test, simulation parameters of the simulation 

should be consistent with parameters of a certain real vehicle. And the parameters of the real 
vehicle used in the simulation are shown in Table 1. 
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Fig. 3. Block diagram of co-simulation 

 
Fig. 4. Double lane change test road (● stands for stake) 

The tracked path is prescribed as the double lane change test road shown in Fig. 4, where  ݏ଴ = ଵݏ = ଶݏ = ସݏ = ଷݏ ,ݑ2 = ହݏ ,ݑ = ଺ݏ ,ݑ5 = ܤ ,is the lane change distance ܤ .ݑ3 = 3.5 m. ܤଵ, ଶܤ   and ܤଷ  are the distances between the stakes, ܤଵ = ܮ1.1 + 0.25 =  2.12 m,  ܤଶ = ܮ1.2 + 0.25 = 2.29 m, ܤଷ = ܮ1.3 + 0.25 = 2.46 m, where ܮ is the width of the vehicle,  ܮ = 1.7 m. 
In realistic driving process, drivers’ ideal target trajectory should be low-level continuous 

smooth curve shown in Fig. 5. And also, according to ISO/TR3888-2004, the trajectory of the 
vehicle traveling along the pylon course slalom test road should be described as a curve of order 
three with continuous first-order derivative transformed with cubic splines fitting: 

(ݔ)݂ = ۔ۖەۖ
,0ۓ ݔ ∈ ଵ,݁଴ݏ + ݁ଵݔ + ݁ଶݔଶ + ݁ଷݔଷ, ݔ ∈ ,ܤ,ଶݏ ݔ ∈ ଷ,݁′଴ݏ + ݁′ଵݔ + ݁′ଶݔଶ + ݁′ଷݔଷ, ݔ ∈ ,ସ,0ݏ ݔ ∈ ହ, (16)ݏ

where: ܽ଴ = ଵ,   ܽଵݏ = ଵݏ + ଶ,   ܽଶݏ = ଵݏ + ଶݏ + ଷ,    ܽଷݏ = ଵݏ + ଶݏ + ଷݏ + ݀   ,ସݏ = ܽଵ − ܽ଴, ݀ᇱ = ܽଶ − ܽଷ,   ݁଴ = ܽ଴ଶ(3ܽଵ − ܽ଴) ܤ ݀ଷ⁄ ,   ݁ଵ = −6ܽ଴ܽଵ ܤ ݀ଷ⁄ ,   ݁ଶ = 3(ܽ଴ + ܽଵ) ܤ ݀ଷ⁄ , ݁ଷ = −2 ܤ ݀ଷ⁄ ,   ݁଴ᇱ = ܽଷଶ(3ܽଶ − ܽଷ) ܤ ݀′ଷ⁄ ,   ݁ଵᇱ = −6ܽଷܽଶ ܤ ݀′ଷ⁄ , ݁ଶᇱ = 3(ܽଷ + ܽଶ) ܤ ݀′ଷ⁄ ,   ݁ଷᇱ = −2 ܤ ݀′ଷ⁄ . 

 
Fig. 5. Fitted double lane change test road 
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Table 1. Simulation parameters 
Parameter Symbol Value Unit 

Vehicle mass  ݉ 1265 kg 
Yaw moment of inertia  ܫ௭ 1800 kg·m2 

Distances of center of gravity to the front axle ݈௙ 1.170 m 
Distances of center of gravity to the rear axle ݈௥ 1.195 m 

Steering gear ratio  ݅ 20  
Front wheel roll stiffness  ܥఝଵ 60544 N·m/rad 
Rear wheel roll stiffness  ܥఝଶ 32750 N·m/rad 

Lateral stiffness of the front tires  ௙ܿ 40021 N/rad 
Lateral stiffness of the rear tires  ܿ௥ 74648 N/rad 

Height of the center gravity  ℎ௚ 0.53 m 

From Eq. (16) it is easy to obtain the relationship between ݕ, i.e. ݂(ݔ) and ݔ by substituting ݐ 
with ݑ/ݔ: 

(ݐ)݂ = ۔ۖەۖ
,0ۓ ݐ ∈ ଵ,݃଴ݐ + ଵ݃ݐ + ݃ଶݐଶ + ݃ଷݐଷ, ݐ ∈ ,ܾ,ଶݐ ݐ ∈ ଷ,ℎ଴ݐ + ℎଵݐ + ℎଶݐଶ + ℎଷݐଷ, ݐ ∈ ,ସ,0ݐ ݐ ∈ ହ, (17)ݐ

where: ݃଴ = ݁଴, ௜݃ = ݁௜ݑ௝ (݆ =1, 2, 3), ℎ଴ = ݁଴ᇱ , ℎ௜ = ݁௜ᇱݑ௝ (݆ = 1, 2, 3). 
In order to verify the control effect of ADRC based on vehicle yaw rate, the vehicle 

longitudinal speed is set as ݒ = 30 m/s and the road adhesion coefficient is set as ߤ = 0.8 in the 
process of path tracking. The value of the optimum pre-sighting time is 1.06 s. And the parameters 
of the auto disturbance rejection path-tracking controller are: ℎ =  0.001, ݇ଵ =  19, ݇ଶ =  10,  ߱଴ = 300, ߱௖ = 50, ܾ଴ = 341. 

 
Fig. 6. Lateral distance 

Fig. 6 shows the result of the lateral distance throughout the process of tracking the double 
lane change test road. It can be seen from the figure that the vehicle can track the double lane 
change test road well with an initial speed of 105 km/h verifying good control effect of  
auto-disturbance rejection controller based on vehicle yaw rate. 

Fig. 7 describes the calculation result of the absolute error between the simulation result of the 
lateral distance and the prescribed path. It can be seen from the figure that the maximum lateral 
displacement error is less than 0.11 m in the whole process of path tracking. It indicated that the 
vehicle can track the ideal planning path precisely based on the auto-disturbance rejection 
controller. 

Fig. 8 shows the result of the yaw rate of the vehicle. From the figure, it can be found that the 
real yaw rate curve can track the ideal yaw rate curve without overshoot quickly. 
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Fig. 7. Absolute error of lateral distance 

 
Fig. 8. Simulations of yaw rate of the vehicle; solid line represents simulation value of the yaw rate 

controlled by ADRC, and dashed line represents expected ideal yaw rate 

Fig. 9 describes the calculation result of the lateral acceleration. From the figure, it is shown 
that the lateral acceleration has bigger response values at 2.5 s, 3.8 s, 5.5 s and 7 s, which indicates 
that the vehicle will yield bigger lateral acceleration when it enters and moves away from the 
described path. 

 
Fig. 9. Simulations of lateral acceleration of the vehicle; solid line represents simulation value of the lateral 

acceleration controlled by ADRC, and dashed line represents expected ideal lateral acceleration 

 
Fig. 10. Simulations of steering wheel angle of the vehicle; dashed line represents simulation value of the 
steering wheel angle controlled by ADRC, and solid line represents expected ideal steering wheel angle 

Fig. 10 describes the calculation result of the steering wheel angle. From the figure, it is shown 
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that the steering wheel angle has bigger response values at 2.5 s, 3.8 s, 5 s and 7 s, which indicates 
that the vehicle needs bigger steering wheel angle when it enters and moves away from the 
described path. 

4.2. Evaluation of calculation accuracy 

From the lateral displacement error curve in Fig. 11(a), it can be concluded that the 
auto-disturbance rejection controller based on vehicle yaw angle is superior to the LQR-based 
path tracking controller. And responding speed of the ADRC controller is bigger than the LQR 
controller. From Fig. 11(b), it can be concluded that the maximum value of the front steering angle 
based on the auto-disturbance rejection controller is less than that of the LQR controller. More 
clear description of the evaluation of the calculation accuracy is shown in Table 2. 

  
a) Simulations of error of lateral distance between the actual trajectory and expected trajectories;  

solid line represents simulation value of the error of lateral distance controlled by ADRC,  
and dashed line represents simulation value of the error of lateral distance controlled by LQR 

 
b) Simulations of steering wheel angle of the vehicle; solid line represents simulation value  

of the steering wheel angle controlled by ADRC, and dashed line represents simulation value  
of the steering wheel angle controlled by LQR 

Fig. 11. Evaluation of calculation accuracy 

Table 2. Evaluation of the calculation accuracy 

Calculation results Maximum value (absolute value) 
ADRC LQR 

Error of lateral distance (m) 0.11 0.14 
Steering wheel angle (°) 75 85 

So, it is proved that there is higher control effect for the auto-disturbance rejection controller 
to solve the path tracking problem comparing with other traditional methods. 

4.3. Experimental result 

High-speed vehicle test is very dangerous. Therefore, in this paper, a model car based on a real 
type is simulated for the path tracking control problem and then verified by the real vehicle test.  

0 2 4 6 8 10-0.2

-0.1

0

0.1

0.2

Time/s

Er
ro

r o
f l

at
er

al
 d

ist
an

ce
/m

 

 

ADRC
LQR

0 2 4 6 8 10-100

-50

0

50

100

Time/s

St
ee

rin
g 

w
he

el
 a

ng
le

/(
)

 

 

ADRC
LQR



2623. PATH TRACKING CONTROL FOR INVERSE PROBLEM OF VEHICLE HANDLING DYNAMICS.  
YINGJIE LIU, DAWEI CUI, YU FU 

 © JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. SEP 2017, VOL. 19, ISSUE 6. ISSN 1392-8716 4601 

4.3.1. Test objectives 

The double lane change test is operated to obtain the longitudinal and lateral velocity, yaw rate, 
lateral acceleration and other test data in order to verify the correctness of the proposed algorithm. 

4.3.2. Block diagram of test system and measurement equipment 

The block diagram of test system is shown in Fig. 12. 

 
Fig. 12. Block diagram of test system 

4.3.3. Measurement equipment 

The measurement equipment is described as following: 
(1) LC5100 non-contact speed instrument and LC-1100 space filter speed sensor (shown in 

Figs. 13(a)-13(b)). 
The LC-5100 non-contact speed instrument system is one kind of high-precision vehicle speed 

measurement system. The system is consisted of the LC-5100 speed tester host, LC-1100 space 
filter speed sensor, external speed displayer, remote control box and other components. 

(2) SFA-104AS steering torque/angle tester (shown in Fig. 13(c)). 
SFA-104AS steering torque/angle tester is the instrument of measuring steering torque and 

steering angle. The range of steering force measurement is ±98 N·m and the range of steering 
angle measurement is ± 1440°. 

(3) iVRU-Fx angular rate gyroscope (shown in Fig. 13(d)). 
The iVRU-Fx angular rate gyroscope manufactured by iMAR Company is used to measure 

the yaw rate, lateral acceleration and so on. 
(4) DaqBook/2005 digital signal acquisition (shown in Fig. 13(e)). 
The DaqBook/2005 digital signal acquisition system, manufactured by IOtech Company, USA, 

has a built-in 16-bit 200 kHz A/D converter with 256 analog channels and 200 K sample rate. 
(5) Compaq computer (shown in Fig. 13(f)). 
The Compaq computer is used to display, record and save the collected data signal. 
(6) Batteries, wires and other test aids. 

4.3.4. Test procedure 

The test procedure in accordance with ISO/TR3888-2004 is as follows: 
Step 1: Arranging stakes shown in Fig. 4 and painting prescribed path on the ground according 

to the double lane change test road exactly.  
Step 2: Equipping the related equipment and then powering them so as to warm them up to 

normal operating temperature. 
Step 3: With an initial velocity of 108 km/h, the tested vehicle travels along the initial lane. 
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And then, the tested vehicle implements a lane change maneuver to another lane rapidly and then 
returns to the initial lane as soon as possible without touching any part of the stakes. At the same 
time, the time history curves of the measured variables are recorded. 

Step 4: Repeating Step 3 process 12 times. 
The test values are shown in Figs. 14(a)-14(d). From Figs. 14(a)-14(d) it is shown that there 

are errors between the simulation value and the experimental value. 

 
a) LC5100 non-contact speed instrument 

 
b) LC-1100 space filter speed sensor 

 
c) SFA-104AS steering torque/angle tester 

 
d) iVRU-Fx angular rate gyroscope 

 
e) DaqBook/2005 digital signal acquisition 

 
f) Compaq computer 

Fig. 13. Measurement equipments 

The reasons are as following: 
The drivers’ subjective feelings and driving skills are different, resulting in different responses 

to each driver. For example, it is shown from Fig. 14(d) that it takes about 1 second for the driver 
to response to track the described trajectory. At the same time, the speed for the real vehicle test 
is higher, so there are psychological problems performing a certain impact on the test results for 
the driver driving the vehicle. For example, form Figs. 14(a)-14(d) it can be seen that almost every 
peak of the test value (absolute value) is bigger than that of the simulation value. This is because 
the driver must execute bigger lateral acceleration and yaw rate as well as steering wheel angle to 
track the described path with higher speed. And also, there are some errors for the test equipment 
resulting to differences between test and simulation results. 
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However, the simulation value is consistent with the experimental value. So, the results shown 
in Figs. 14(a)-14(d) can verify the correctness of the proposed algorithm. 

 
a) Error of lateral distance 

 
b) Yaw rate 

 
c) Lateral acceleration 

 
d) Steering wheel angle 

Fig. 14. Comparison of simulation and test value  

4.4. Controller robustness verification in external disturbance environment 

There is external interference in the process of obstacle avoidance for a vehicle with high  
speed. So, it is necessary to verify the control effect of the ADRC. Carsim can simulate real vehicle 
dynamic characteristics and can set the lateral interference and other external interference 
environment easily. In this paper, a C-Class Hatchback model provided by Carsim is used for 
control effect verification. 

It is assumed that the vehicle is traveling with a longitudinal velocity of 30 m/s and an adhesion 
coefficient of 0.8. The parameters of the ADRC are set as ݎ = 120, ℎ = 0.001, ܾ଴ = 15, ݇ଵ = 19, 
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݇ଶ ଵߚ ,10 = ଶߚ ,1.5 = = 2. The maximum speed of wind is set as 50 km/h. The step gust is shown 
in Fig. 15. 

Fig. 16 shows the path-tracking effect when the vehicle is disturbed by lateral wind. It can be 
seen from Fig. 16 that ADRC can track path well according to the ideal path even there is lateral 
wind interference. 

The lateral wind disturbance can be observed by the extended state observer shown in Fig. 17. 
It can be seen that the ADRC can compensate external interference to achieve system robustness 
requirements. 

   
Fig. 15. Step gust 

      
Fig. 16. Lateral distance in external disturbance environment 

 
Fig. 17. Output of the extended state observer 

5. Rebuilding of road model and vehicle simulation of ride comfort based on Carsim 

5.1. Road model 

Road in Carsim is a 3-D entity. Its centerline is a spatial curve. The horizontal line of the road 
is a combination of straight lines, circular curves and transition curves. The longitudinal section 
of the road is composed of straight lines and vertical curves. The road surface is not a smooth 
plane. The change (ܫ)ݍ which is road surface relative to the height of the reference plane (ݍ) 
changing along the road length ܫ is called the road roughness function shown in Fig. 18. 

Road model in Carsim software is a 3-D structure and it uses the S-L-Z coordinate system. 
Different simulation software is corresponding to different file formats. In order to reconstruct the 
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pavement model in Carsim, it is necessary to pave road data to write pavement file accordance 
with format of pavement model database.  

 
Fig. 18. Road profiling 

5.2. Vehicle model in Carsim 

The virtual prototype is established in Carsim. During the modeling process, the vehicle's 
driveline, steering and braking systems as well as the tire model are set by the default settings of 
Carsim. The main parameters of the test vehicle are shown in Table 1. 

5.3. Simulation result 

In order to verify the vehicle ride comfort, simulation of the virtual sample vehicle is carried 
out with an initial speed of 80 km/h by Carsim in the C-class road conditions. The simulation 
results are shown in Figs. 19-20. Figs. 19-20 indicate that it is effective establishing accurate 3-D 
road and vehicle model to evaluate vehicle ride comfort in the CarSim software providing an 
effective method for the dynamic performance of vehicle especially for the cooperative 
optimization of vehicle control ability/stability and ride comfort for further study. 

 
Fig. 19. Simulation of vertical acceleration of the centroid 

 
Fig. 20. Simulation of pitch angle acceleration of the centroid 
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5.4. Experimental result 

In order to verify the correctness of the simulation results, real vehicle test is carried out. In 
the test, a three-direction acceleration sensor (PCB-480B21 made in the USA) is placed on driver’s 
seat shown in Fig. 21(a). At the same time, a piezoelectric acceleration sensor is installed on body 
above the right front wheel of the vehicle shown in Fig. 21(b). The acceleration signal is 
transmitted to the tape recorder (TEACMR-30C, made in the USA) via a charge amplifier to 
record the acceleration signal.  

 
a) Three-direction acceleration sensor 

 
b) Piezoelectric acceleration sensorv 

Fig. 21. Measurement equipment for verification of ride comfort 

The test values are shown in Fig. 22. From Fig. 22 it is shown that there are errors between the 
simulation value and the experimental value. The main causes of the error are as following:  

(1) There is difference between the pavement model and the actual road surface.  
(2) The vehicle model only takes into account the simplified model established by ride comfort 

simulation, and there is a difference with the real vehicle, which will affect the simulation results.  
However, the simulation value is consistent with the experimental value. So, the results can 

verify the correctness of the proposed method. 

 
a) Vertical acceleration of the centroid 

 
b) Pitch angle acceleration of the centroid 

Fig. 22. Comparison of simulation and test value 
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6. Conclusions 

In this paper, the path tracking scenario is analyzed while the ADRC method is utilized for 
vehicle tracking the desired path. Accordingly, a 3-DOF simplified vehicle model and the tire 
model as well as the optimal preview time have been used to describe the motion by steering of 
the vehicle. Then the linear active disturbance rejection controller based on vehicle yaw rate is 
designed to solve the problem of path tracking maneuver.  

To test the performance of the controller, simulation is operated and it is shown that the vehicle 
can track the prescribed path with the maximum absolute error of 0.11 m. Furthermore, the control 
method can be used to directly find an optimized trajectory. This is a main benefit of this method 
for path tracking control problem. 

Comparison of the results of the ADRC method and the LQR method shows that the front 
steering angle based on the ADRC method is less than that of the LQR method, indicating that 
there is higher control effect for ADRC to solve the path tracking problem comparing with other 
traditional methods. 

The pavement model in Carsim using C-class pavement data is established to simulate ride 
comfort. The correctness of the method is verified with a test vehicle. The result shows that it is 
practical to establish 3-D pavement and vehicle model to simulate ride comfort of vehicle in 
Carsim which can provide an effective method on the dynamic performance of vehicle for further 
research. 

It is believed that the proposed control system can considerably improve vehicle handling and 
path tracking performance and provides valuable insight into the lane changes design work. 
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