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Abstract

:

The transportation environment of the open-pit mine is complex, the steering actuator of the mine vehicle has a large delay and poor response accuracy, and there are a lot of bumpy roads, large undulating ramps, and narrow-area curves in the mining area. These road sections seriously reduce the tracking accuracy of the mine vehicle path. Tracking control presents great challenges. Therefore, this study first conducts a simulation comparison study on commonly used path tracking methods such as pure pursuit control, Stanley control, and model predictive control (MPC), and then designs a path tracking control strategy for automatic driving of open-pit mine transportation vehicles based on the MPC algorithm. Finally, the proposed control strategy was verified through actual mining vehicle tests. The results showed that the maximum lateral deviation obtained by the MPC-based path tracking control strategy was reduced from 0.55 m to 0.08 m under the C-shaped reference path compared with the traditional method. Under the S-shaped reference path, the lateral deviation is reduced from 0.4 m to 0.16 m.
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1. Introduction


The world’s energy consumption structure has been dominated by fossil energy for a long time, and annual global coal consumption accounts for 30% of energy consumption [1]. To meet the demand for coal, improve the safety, efficiency, and environmental protection of coal mining, and realize the automation and intelligence of mining machinery [2,3] is an inevitable development trend.




2. Literature Review


The path tracking control technology of transportation vehicles in open-pit mines is one of the cores of intelligent coal mining technology. In this regard, academia and industry have carried out research on minecart path tracking control and achieved some research results. This method [4] adopted the path preview-tracking method to decouple the lateral control from the vertical control and corrected the deviation in real time through the feedback mechanism, realizing the lateral and vertical control of the unmanned mining transport vehicle. Choi et al. [5] compared a sliding mode control (SMC) with a driver model-based controller consisting of a PI controller with a preview distance. SMC has higher path tracking accuracy but requires larger steering input. Bai, G. [6] used the MPC based on the preview distance combined with the preview method to judge the sudden change of road curvature in advance and MPC to handle the characteristics of multi-variable and multi-constraint system control, which improved the path tracking accuracy of the underground mining articulated vehicle. Lima et al. [7] proposed an adaptive preview distance determination method based on fuzzy control, taking the intelligent combine harvester as the research object. The path tracking algorithm should adaptively adjust the size of the preview distance according to the speed and other states of the harvester. Fuzzy control does not depend on a specific model and can better deal with the problem of dynamic adjustment of the harvester’s preview distance under different operating conditions and improve the adaptability of the path tracking algorithm. Xu, S. et al. [8] distinguished forward lateral control and reverse lateral control in the lateral control algorithm of mining trucks, using the center of the front axle and the center of the rear axle as reference points, respectively, and adopted an adaptive preview method based on speed and curvature, realize lateral control on complex road surfaces in mining areas. Lima et al. [9] deduced the vehicle error kinematics model in the time domain to the space domain in the Frenet coordinate system and tested it on a Scania truck to verify that it can output a smoother output than the pure tracking controller. However, it does not consider that the truck has a steering mechanism with large inertia, so that there is a delay link in the control, which will reduce the performance of the controller.



However, the working environment of open-pit mine transportation vehicles is harsh, and there are areas such as bumpy roads, large undulating ramps, and narrow U-turn sections on the road. In addition, the vehicle has problems with a large delay in steering actuators and poor response accuracy, which causes path tracking control serpentine form and large deviation of lateral tracking [10]. Because MPC can better consider the actuator delay compensation and solve the problems of steering oscillation and instability, it becomes a better control method. The following research [6,8,10] guides the design direction and content of this paper. By establishing a vehicle kinematics model that considers the system delay link, and based on the model, the MPC controller is designed, and the simulation verification and performance comparison of the controller is carried out. Finally, a real vehicle test is carried out in the Shenyan Xiwan Coal Mine to verify the proposed method. The results show that the MPC controller considering the delay characteristics of system has better control performance than the traditional Stanley control in both simulation and real vehicle test environments.




3. Comparison of Path Tracing Methods


Many scholars at home and abroad have studied the path tracking technology of vehicles and achieved many research results. The commonly used path tracking methods include pure tracking control [11,12], Stanley control [13,14], model predictive control [15,16,17], et al. In this section, a numerical simulation comparison of these methods is carried out, and then the method with the best performance is selected for the real vehicle experiment and test in the next section.



3.1. Pure Pursuit Control


Pure pursuit control outputs the front wheel angle of the vehicle based on the geometric relationship between the road and the vehicle so that the vehicle follows the reference path [10]. Pure pursuit control has been widely used by researchers because of its simple implementation, easy parameter tuning, low computational burden, and good low-speed performance. In this technique, the target point on the reference path is chosen at a certain distance in front of the vehicle, called the “look-ahead distance”. The relationship between the vehicle position and the path trajectory is established by fitting an arc between the center of the rear wheel and the target point. Figure 1 shows the geometry of the pure tracking method of the bicycle vehicle model. The radius of the fitted arc is as follows:


  R =    l d    2 s i n α    



(1)




where  α  is the angle between the vehicle heading and the line connecting the waypoint and the center of the rear axle of the vehicle,    l d    is the preview distance, and  R  is the arc radius.



Combining Equation (1) with the Ackerman steering model, the required steering angle can be calculated as [11]:


  δ = arctan  (    2 l s i n α    l d     )   



(2)




where  l  is the wheelbase of the vehicle.




3.2. Stanley Control


The Stanley controller is also a geometry-based path pursuit controller [12]. The geometric relationship of the Stanley controller is shown in Figure 2. In this figure,    e  f a     is the distance between the vehicle’s front axle and the reference point and    θ e    is the angle between the vehicle’s driving direction and the tangent to the reference waypoint. From the geometric relationship in Figure 2, the required steering angle of the front wheel of the vehicle is calculated from the two-part deviation, which is the sum of the angle deviation between the reference path point tangent and the vehicle heading and the ratio of the distance deviation to the vehicle speed [13].




3.3. Model Predictive Control


MPC estimates the future state of the system over a certain time horizon using an explicit model of the system. At each sampling interval, the controller’s goal is to find an optimal control sequence based on the predicted state. From the optimized control sequence, only the first control action is sent to the system and the whole process is repeated for a specific time interval. MPC has several advantages for path following controllers. The main advantage of MPC is its ability to handle multi-state variables and constraints [17]. However, its disadvantage increases the computational complexity of the controller for solving the online optimization problem. In response to this problem, some scholars have proposed related optimization speed-up solution methods, such as by Sun Hao [18] and others who proposed an accelerated calculation method based on time-domain decomposition, which reduces the time-consuming solution to a certain extent.



MPC generally adopts two methods to design a path tracking controller; one is NMPC using a nonlinear vehicle model, and the other is linear MPC using a linear approximation model. To reduce the complexity of solving the optimization problem, we can employ different linearization techniques. When a continuous linearization method is used at each operating point, the system is transformed to a linear time-varying step. This step can be implemented on a kinematic or dynamic model [19].





4. Design of Path Tracing Strategy Based on MPC


4.1. Vehicle Kinematics Model


Assuming that the four-wheeled-vehicle model is symmetrical about the longitudinal plane of the vehicle [20], a two-wheeled three-degree-of-freedom vehicle model is obtained. When the vehicle is under low speed, it can be described by the kinematics formula when it is less affected by the lateral dynamics:


   {       x ˙  = v c o s φ        y ˙  = v s i n φ        φ ˙  =  v L  t a n δ        



(3)




where   x ,   y   are the abscissa and ordinate of the center of the rear axle of the vehicle in the global coordinate system, respectively;  φ  is the heading angle of the vehicle;  L  is the wheelbase;  v  is the speed of the vehicle; and  δ  is the steering angle of the front wheel of the vehicle. The vehicle motion state information in the Cartesian coordinate system is decomposed into the Frenet coordinate system as shown in Figure 2, which is derived from the geometric relationship:


       v s  =  (   ρ s  −  e y   )    φ ˙  s  = v c o s  (   e φ   )          φ ˙  s  =   v c o s  (   e φ   )     ρ s  −  e y         



(4)




where    v s    is the velocity projection of the vehicle along the tangent direction of the reference path point,     φ ˙  s    is the road reference heading angular velocity,    ρ s    is the curvature radius of the road,    e y    is the lateral position deviation between the vehicle rear axle center and the reference path, and    e φ    is the vehicle heading angle and the road reference heading angle.  v  is the speed of the center of the rear axle of the vehicle.



The derivatives of lateral position deviation and heading angle deviation with respect to time are as follows:


   {        e ˙  y  = v s i n  (   e φ   )          e ˙  φ  =   v t a n δ  L  −   φ ˙  s         



(5)




where   δ   is the actual steering angle of the vehicle, and  L  is the wheelbase of the vehicle.



Considering that the lateral deviation of the vehicle tracking path is negligible relative to the curvature radius of the road, and the steering angle command output by the controller and the execution command of the actuator will have a delay, the vehicle kinematics deviation model in Frenet coordinates is:


   {        e ˙  y  = v s i n  (   e φ   )          e ˙  φ  =   v t a n δ  L  −   v c o s  (   e φ   )     ρ s           δ ˙  =    δ d  − δ  τ         



(6)




where    δ d    is the vehicle steering angle command.



Equation (3) is expressed in state space as:


   ξ ˙  = f  (  ξ , u  )   



(7)







State factors are   ξ =    [       e y       e φ     δ     ]   T   .



Input is   u =  δ d   .




4.2. Linearization and Discretization of Models


To facilitate the design of the controller, Equation (7) is linearized by the first-order Taylor expansion near the reference value, and the model obtained after discretization by the bilinear method is:


      ξ  (  k + 1  )  =  A ′   ( k )  ξ  ( k )  +  B ′   ( k )  u  ( k )  +  d ′   ( k )  ,       ξ  ( k )  =    [       e y   ( k )       e φ   ( k )      δ  ( k )       ]   T  , u  ( k )  =  δ d   ( k )  ,        A ′   ( k )  =    (  I −   T A  ( k )   2   )    − 1    (  I +   T A  ( k )   2   )  ,        B ′   ( k )  = B  ( k )  T ,  d ′   ( k )  = d  ( k )  T ,       A  ( k )  =  (     0   v   0     0   0     v  L   c o s  2   δ r   ( k )         0   0    −  1 τ       )  ,       B  ( k )  =  (     0     0       1 τ       )  ,       d  ( k )  =  (     0      −  v   ρ s   ( k )    +  v L   (  t a n  δ r   ( k )  −    δ r   ( k )      c o s  2   δ r   ( k )     )       0     )       



(8)







Equation (8) is the derived linear time-varying prediction model, which is the basis for establishing the vehicle kinematics model prediction controller based on the Frenet coordinate system.




4.3. MPC Controller Design


The output is   η  ( k )  = C ξ  ( k )   ,   η  ( k )  =    [       e y       e φ       ]   T  , C =    [         1     0           0     1           0     0         ]   T   , the prediction horizon is    N p   . According to Equation (8), the state of the vehicle in the predicted horizon is derived as:


      Y  ( k )  =  ψ k  ξ  ( k )  +  Θ  u , k   U  ( k )  +  Θ  d , k   D  ( k )        Y  ( k )  =    [      C ξ  (  k + 1  | k   )      C ξ  (  k + 2  | k   )     ⋯    C ξ  (  k +  N p   | k   )       ]   T  ,       U  ( k )  =    [      u  ( k )      u  (  k + 1  )     ⋯    u  (  k +  N p  − 1  )       ]   T  ,       D  ( k )  =    [       d ′   ( k )       d ′   (  k + 1  )     ⋯     d ′   (  k +  N p  − 1  )       ]   T  ,        ψ k  =  [      C  A ′   ( k )        C  A ′   (  k + 1  )   A ′   ( k )       ⋮      C   ∏   i = 0    N p  − 1    A ′   (  k + i  )       ]  ,        Θ  u , k   =  [      C  B ′   ( k )     0   ⋯   0      C  A ′   (  k + 1  )   B ′   ( k )      C  B ′   (  k + 1  )     ⋱   0     ⋮   ⋮   ⋱   ⋮      C  B ′   ( k )    ∏   i = 1    N p  − 1    A ′   (  k + i  )      C  B ′   (  k + 1  )    ∏   i = 2    N p  − 1    A ′   (  k + i  )     ⋯    C  B ′   (  k +  N p  − 1  )       ]  ,        Θ  d , k   =  [     C   0   ⋯   0      C  A ′   (  k + 1  )     C   ⋱   0     ⋮   ⋮   ⋱   ⋮      C   ∏   i = 1    N p  − 1    A ′   (  k + i  )      C   ∏   i = 2    N p  − 1    A ′   (  k + i  )     ⋯   C     ]       



(9)







The cost function and constraints are the main body of the optimization problem. The cost function ensures the accuracy of the vehicle tracking path, and the constraints ensure that the steering angle control amount of the vehicle is within the maximum turning angle of the front wheel of the vehicle and does not send sudden changes to affect the stability of the path tracking. The established cost function and constraints are as follows:


    J  ( k )  = Y   ( k )  T  Q Y  ( k )  + U   ( k )  T  R U  ( k )      s  . t   .     {       U  min   ≤ U  ( k )  ≤  U  max         Δ  U  min   ≤ Δ U  ( k )  ≤ Δ  U  max            



(10)




where   Y  ( k )    is the output value in the prediction horizon,   U  ( k )    is the control sequence of the input in the prediction horizon,   Q ,   R   is weight coefficient matrix,    U  min   ,  U  max     are the upper and lower bounds for the control constrains, respectively,   Δ  U  min   , Δ  U  max     are the upper and lower bounds for the control increment constrains, respectively.



During the actual operation of the mining truck, there is a delay in the steering actuator, and it takes a period of time for the command of the controller to be executed by the actuator in place. In this paper, the application of an MPC path tracking control can predict the motion of the vehicle for a period of time into the future through the vehicle kinematic model and output the characteristics of a control sequence corresponding to each moment to deal with the influence of delay. As show in Figure 3, in the case of considering the delay, the output control quantity is not the first control quantity in the control sequence, but the control quantity corresponding to the moment after the delay time.




4.4. Steering Actuator Model Identification


To obtain the actuator delay and gain characteristics, the actuator model is identified through experimental data. The actuator model is a first-order delay response transfer function:


  G  ( s )  =  K p  ×  e   (  −  T d  s  )    /  (  1 +  T  p 1   s  )   



(11)







The step response curve of the steering actuator is shown in Figure 4. The actuator has a large delay link and amplitude attenuation. After compensation through the model, the actual steering curve (green) and the model calculated curve (blue) have a high degree of matching, and the steering curve calculated by the model can more accurately reflect the actual steering change.



By modeling the steering actuator, the delay and gain characteristics of the actuator itself are considered in the control system, which can effectively reduce the system control error and improve the control accuracy.





5. System Simulation Verification


The MPC controller and the Stanley controller are simulated and verified on the hardware-in-the-loop simulation platform (as shown in Figure 5), and the experimental results are consistent except for the lateral controller, as shown in Figure 6, Figure 7, Figure 8, Figure 9.



It can be seen from the above test results that under the complex working conditions of the “C” shape and “S” shape reference path, as shown in Table 1, the MPC control algorithm has a significantly improved control effect on the lateral deviation than the Stanley algorithm, and the control effect on the heading angle deviation is comparable. Under the “C” shape reference path, the maximum lateral deviation is reduced from 1.2 to 0.6 m, and the average lateral deviation is reduced from 0.6 m to 0.2 m.




6. Real Vehicle Experiment


In the Xiwan Coal Mine of Shenyan, China, a real vehicle test of the control strategy proposed above was carried out, and the experimental scene is shown in Figure 10. The wheelbase of the vehicle is 6.35 m, and the tests are carried out on the “C”-shaped reference path of 10 km/h and the “S”-shaped reference path of 20 km/h, considering that the delay of the steering gear is 0.8 s, and the maximum wheel angle is 30 degrees.



The calibration of the MPC control parameters was achieved through simulation and a large number of experiments. The relevant parameters of the model predictive controller are shown in Table 2.



It should be noted that because the field test environment will change in real time because of the operation, and the road trajectory will be updated and adjusted accordingly, there will be differences between the simulation results and the real vehicle test results.



Under the C-shaped reference path with the average speed of 10 km/h, the maximum speed during the driving process will reach 20 km/h. For safety reasons, the reference speed of the vehicle will be limited when driving on a curve with large curvature. The vehicle speed during the test is shown in the Figure 11. The vehicle uses the MPC controller and the Stanley controller to perform U-turn tests in a narrow area. Except for the lateral controller, the other configurations are the same. The vehicle inertial navigation acquires the pitch and roll angles. The turbulence of the line is evaluated by the pitch and roll angles, and the bending degree of the line is evaluated by the curvature of the line. The bumps and bends of the lines are shown in Figure 12.



It can be seen from Figure 12 that the pitch angle and the roll angle have great changes, reflecting that the road surface quality of the line is poor and very bumpy. The curvature of the line changes greatly and the maximum curvature is 0.082, indicating that the line has a large curvature at this time.



The experimental results are shown in Figure 13, Figure 14, Figure 15, and the tracking deviation results are summarized in Table 3.



Under the S-shaped reference path with the target speed of 20 km/h, the vehicle is tested with the MPC controller and the Stanley controller, respectively. Except for the lateral controller, other configurations are the same. The experimental results are shown in Figure 16, Figure 17, Figure 18.



It can be seen from the above test results that under the complex working conditions of the “C” shape and “S” shape reference path, the MPC control algorithm has a significantly improved control effect on the lateral deviation than the Stanley algorithm, and the control effect on the heading angle deviation is comparable. Under the “C” shape reference path, the maximum lateral deviation is reduced from 0.55 m to 0.08 m, and the average lateral deviation is reduced from 0.19 m to 0.02 m, and under the “S” shape reference path, the maximum lateral deviation is reduced from 0.4 m to 0.16 m, the average lateral deviation was reduced from 0.12 m to 0.05 m.




7. Conclusions


In this paper, in the complex operating environment of open-pit mine transportation vehicles, caused by road bumps, large undulating ramps, and turns in narrow areas, as well as the large delay of vehicle steering actuators and poor response accuracy, the path tracking control has large tracking lateral deviation. For the problem of left and right fluctuations, a comparative study of some path control methods is first conducted. The conclusion is that the MPC method performs best in terms of tracking accuracy, and the actuator delay compensation can be explicitly considered. Then, based on the MPC method, the problem of unmanned path tracking control of open-pit mine transportation vehicles is mainly studied. Finally, it is verified by the real vehicle test that compared with the traditional method, the path tracking control method based on MPC can reduce the lateral control deviation from 0.55 m to 0.08 m under the C-shaped reference path, and from 0.4 m under the S-shaped reference path it was reduced to 0.16 m, while the heading angle deviation did not deteriorate, and there was an improvement trend. In the process of using the lateral MPC, the delay response characteristics of the steering actuator are considered, and the response delay model of the steering actuator is established and applied to the process of calculating the output of the desired wheel angle by the MPC, which improves the lateral control accuracy. The lateral MPC control strategy used on the minecart is also applicable to front-wheel-steered passenger cars.



The future work will combine the path planning to carry out the research on the integration of regulation and control, so that the path tracking control problem can be optimized in terms of lateral deviation and heading angle deviation at the same time, and the horizontal and vertical coupling dynamic control will be considered to further improve the control accuracy.
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Figure 1. Geometric analysis of pure pursuit method. 
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Figure 2. Geometric analysis of Stanley method. 
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Figure 3. MPC control block diagram based on delay model. 
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Figure 4. Actuator step response curve (left). Comparison between actual steering curve and model calculation curve (right). 
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Figure 5. Hardware-in-the-loop simulation platform (left). Virtual simulation map (right). 
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Figure 6. Global trajectory of MPC control and Stanley control (left). Large curvature route (right). 
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Figure 7. Heading angel deviation of MPC control and Stanley control. 
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Figure 8. Vehicle wheel angle of MPC control and Stanley control (left). Control stability comparison (right). 
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Figure 9. Lateral deviation of MPC control and Stanley control. 






Figure 9. Lateral deviation of MPC control and Stanley control.



[image: Wevj 13 00134 g009]







[image: Wevj 13 00134 g010 550] 





Figure 10. Field test scenario: (a) mining truck, (b) loading job scenarios, (c) autonomous driving operation scenario, and (d) unloading job scenario. 
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Figure 11. Vehicle speed. 
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Figure 12. Vehicle pitch angle and roll angle and route curvature. 






Figure 12. Vehicle pitch angle and roll angle and route curvature.



[image: Wevj 13 00134 g012]







[image: Wevj 13 00134 g013 550] 





Figure 13. Global trajectory of MPC control and Stanley control. 
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Figure 14. Vehicle wheel angle of MPC control and Stanley control. 
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Figure 15. Lateral error and heading angle deviation of MPC control and Stanley control. 
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Figure 16. Global trajectory of MPC control and Stanley control. 
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Figure 17. Vehicle wheel angle of MPC control and Stanley control. 
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Figure 18. Lateral error and heading angle deviation of MPC control and Stanley control. 
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Table 1. Lateral error test results.
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Working Condition

	
Method

	
Maximum Deviation/m

	
Average Deviation/m






	
Reference speed 30 km/h,

“C” shape reference path

	
MPC

	
0.6

	
0.2




	
Stanley

	
1.2

	
0.6
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Table 2. Controller parameters.






Table 2. Controller parameters.





	Parameters
	MPC





	Prediction horizon Np
	80



	Control horizon Nc
	80



	Discrete step size T/s
	0.1



	Control frequency f/Hz
	50



	Weight coefficient matrix Q
	diag(100, 1)



	Weight coefficient R
	1
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Table 3. Lateral error test results.






Table 3. Lateral error test results.





	
Scenarios

	
Method

	
Maximum Deviation/m

	
Average Deviation/m






	
Speed target 10 km/h,

“C” shape reference path

	
MPC

	
0.08

	
0.02




	
Stanley

	
0.55

	
0.19




	
Speed target 20 km/h,

“S” shape reference path

	
MPC

	
0.16

	
0.05




	
Stanley

	
0.40

	
0.12

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file26.jpg
Ideg

B oL Desired wheel angle (MPC)
_____ Actual wheel angle (MPC)
0 50 100 150
Time /s
20 [ Desired wheel angle(Stanley)

—Actual wheel angle(Stanley)

54
=

50 100 150 200

Time /s





media/file8.jpg





media/file27.png
/deg

Wheel angle

/deg

Wheel angle

OLM % Vg W
-20 L] Desired wheel angle (MPC)
_____ Actual wheel angle (MPC)
-40 5 : ;
0 50 100 150
Time /s
20 —Desired wheel angle(Stanley)
_____ Actual wheel angle(Stanley)

0 i
220 -
-40 1 L L

0 50 100 150 200

Time /s





media/file34.jpg
[—Teading angle deviationIC)
—Tateral doviation G0 lemreHeading anglo doviation Stantey)
Lateral deviation Stanley)

o ) 10 150 w0 o B 100 150 20
Timels Tinels





media/file13.png
!
L —— T
N e
I\‘II_”l‘
ﬁll"lll . "-J
& p I
2 -
o = gy !
S 3 %
A
-
- ——a
T e - - i -
‘lﬂllll“‘lll — qllllldt-'
[ |
— — l'”“
i o B
o o
=0
L ] — = 1 :
-
) P 8
‘hml,l llll 'llllllll-lli
[ —
; s Iull r 4
L — - :
I i
s - -
1 1 _
O -+ o~ o . -

3op/uoneIAdp d[Suk SUIPBIH

250

200

150

100

50

Time/s





media/file31.png
Y/m

50

-50

-100

-150

-200

-250

-300

-350

L 135.4.....
-135.6
- 135.8--

Reference path (MPC)

Actual path (MPC)

Reference path(Stanley)

Actual path(Stanley)

400





media/file12.jpg
250

00

150

100

50

Time/s





media/file18.jpg





media/file9.png
Simulator
HostUnit

Mg @ F D

]

B L

(0






media/file14.jpg
[ Desred whesl angleQVPC)|
Actal wheel angleMPC)

il

m 2% e s o w0 o 1 16
Timels

Timels

[ Desred whoclanglostaniey |

ctual wheelungleStley) ¢

9 s1 96 9% 100 102 104 106
Timels

o 8

[~ Desired wheelangleStaniey)|
Actal wheelangleStaniey)

o s
ime/s

Wheel angle/deg
Wheel angleldeg.

&






media/file35.png
Lateral deviation/m

=
T

0.2F

Time/s

l ——Lateral deviation (MPC)
2'““'Ldleld1 dexldtion(btdnlev)
A A
": ¥ H :
Al : ‘v. A
' i ¥ &
50 100 150 200

Heading angle deviation/deg

Heading angle deviation(MPC)
Heddlng dngle deVLdLlon(QLdnley)

50 100 150 200
Time/s





media/file20.jpg
20

15

Speed /km/h
3

Speed

100

200

Running distance

300

[m]

400

500





media/file23.png
/1/m

Curvature

/deg

Pitch angle

/deg

Roll angle

0.1

0.05

0 100 200 300 400 500
Running distance [m]

Roll angle

Running distance [m]

0 100 200 300 400 500
Running distance [m]
: : Curvature |
0 100 200 300 400 500





media/file5.png
Actuator
Model

delay step h= i

i

Libd

h 4

Lateral MPC
Controller

3
control sequence U/

A 4

Desire
Wheeling
Angle






media/file15.png
&0 =

% J !-g 10 T T T T T T

> 0NN TN - > Desired wheel angle(MPC)| ;

E ' "oyt ' ) Eﬁ —-=="Actual wheel angle(MPC) |

S 20+ Desued wheel angle(MPC) R R (SRR = or- | |

éd —-==: Actual wheel angle(MPC) | E ‘

3 40 i i i i 3 -10 i i i i i i
0 50 100 150 200 250 92 94 96 98 100 102 104 106

Time/s Time/s

g 20 . . . . g 10 ————————————

> S Desired wheel angle(Stanley)

Ty 0 : ol . eh —-==- Actual wheel angle(Stanley)

= 20 Desu‘ed Wheel angle(Stanley) R T RER 5

& —-==-Actual wheel angle(Stanley) 2z

B _40 ] 1 1 i B _]0 i i i i i i i i
0 50 100 150 200 250 92 94 96 98 100 102 104 106

Time/s Time/s





media/file19.png





media/file28.jpg
—Taterl dovintion 0)
clateral deviation(Stanley)

[ Heading ngle doviation )

Heading angle doviation Stanley)

E) 0 50

Timels

m

E) 0 )
Timels





media/file2.jpg
-------- Reference Path [
® Path Point






media/file32.jpg
Ideg

Wheel angle

Ideg

Wheel angle

20

Desired wheel angle (WPC)

~Actual wheel angle (WPC)

50 100 150 200
Time /s
 Desired vheel angle(Stanley)
—.—-—Actual wheel angle(Stanley)
50 100 150 200

Time /s





nav.xhtml


  wevj-13-00134


  
    		
      wevj-13-00134
    


  




  





media/file11.png
Y/m

200 ' ' T l l -20 F T T T T T T T =
5 5 : : : Reference path
100 k- Reference path -30 1 N —-—-: Actual path (MPC) ]
—-=='Actual path(MPC) "L —=== Actual path (Stanley)
—---UALUhﬂ[hnh(Shﬂﬂey) -40 T ]
0F i LT { sol |
Y1 &
f 70+ i
5 : 5 ; ; -80 - )
400 5 i i : : -100 . —

-500 -400 -300 -200 -100 0 100 40 45
X/m

70 75






media/file6.jpg





media/file24.jpg
Y /m

100

50

Reference path(MPC)
| ===-=Actual path(MPC)
Reference path(Stanley)

- Actual path(Stanley)

0 50 100 150
X/m

200

250

300





media/file29.png
ot
T~

Lateral deviation/m

Lateral deviation(MPC) Heading angle deviation(MPC)

[ === Lateral deviation(Stanley) |

K R Heading angle deviation(Stanley) |]
: ] : :

Heading angle deviation/deg

| P

=R RS - N O R R R R A I R R . ------------ ‘l‘i ----------- -. ----------------------- —
S
N -.

e e e e e e s ................................... " ................. .

0 50 100 150 200 0 50 100 150 200

Time/s Time/s





media/file1.png
Preview path point

Reference path R

™~





media/file10.jpg
Yo ww a0 a0 e 0w
Xim






media/file7.png
0.8

Amplitude
o o
I =)

&
(N

Step Response

1.5
Time (seconds)

2.5

T T T |
s —Desired Angle | |
[ —Vodel Calculation Angle
o —Actual Angle
W Sh
o
=,
— 0
sTi]}
T -3
=
-10
-15
=20 .
| | i

215 220

225
Time[s]





media/file33.png
/deg

Wheel angle

/deg

Wheel angle

20

20

Time /s

—Desired wheel angleMPC) [ """""""""""""" 7
_____ Actual wheel angle (MPC) E
50 100 150 200
Time /s
! ! !
—Desired wheel angle(Stanley) """""""""""""" 7
_____ Actual wheel angle(Stanley) ;
50 100 150 200





media/file16.jpg
15

MRC

0s
05

wyuoneIap e

250

200

150

100

50

o

Timels





media/file3.png
........ Reference Path
® Path Point





media/file22.jpg
/l/m

Curvature

Jdeg

2 0
2 0
o 4

=
01
005
0

[ Pitch angle

0 100 200 300 400

distance  [m]

V]

Running

500

Running distance [m]

0 100 200 300 400 500
Running distance [m]
—Curvature

0 100 200 300 400 500





media/file17.png
1.5

OMPC

g s s 1 -

Stanley
)
\

M
!

gz S
i s 2 .lh. > :

W/UOTIRIASD [BIoIe]

250

200

150

100

50

Time/s





media/file4.jpg
T T,

delay step h=
Actuator i T
P 7 )
Model
Lateral MPC control sequence U~

Controller

Desire
Wheeling
Angle






media/file30.jpg
Y/m

Reference path(MPC)
0 feo]memamActual path (WPC)
o . Reference path(Stanley)
—-—-~Actual path(Stanley)
-100
-150
200
250 L13sa
-1356
300 Li3s.s
A5 806 808 81

0 100 200 300 400
X/m





media/file25.png
Y /m

100

50

-50

262 :262.5

-100

ﬁeferencé path(MPC)
Actual path(MPC)
Reference path(Stanley)
Actual path(Stanley)

-50

0 50 100 150 200 250 300
X /m





media/file0.jpg
Preview path point

Reference path






media/file21.png
Speed /km/h

20

Speed
IS Lo b R
10 Lo g i b X J
S He i B B R i
0 i ; ; i
0 100 200 300 400 500

Running distance

[m]





