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Abstract

:

Automatic emergency braking systems (AEBS) significantly improve the active safety performance of commercial vehicles, but their effectiveness is affected by the vehicle’s driving conditions, which mainly include the vehicle load and road conditions. In order to improve the adaptability of the AEBS, an AEBS control strategy with adaptive driving conditions was proposed and validated using a simulation and experimentation. This AEBS control strategy was designed based on an estimation of the vehicle mass, the center of gravity position, road grade, and the tire-road friction coefficient. In the simulation and experimental verification, the braking deceleration and braking distance under different driving conditions were compared. The results show that the AEBS control strategy proposed in this paper can avoid collisions in all test scenarios and maintain a parking spacing of approximately 5 m. In an extreme test scenario with a full load and low tire–road friction, as compared with the fixed threshold control strategy, the warning can be issued 0.2 s earlier and the maximum intensity braking can be carried out 0.5 s earlier.
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1. Introduction


Vehicle braking has long been a hot issue in the field of dynamics. Various scholars are concerned about energy consumption during vehicle braking and have conducted in-depth research on braking energy recovery [1,2]. There are also researchers who focus on the safety aspects of vehicle braking. With the increase in vehicle rear-end accidents in recent years [3], automatic emergency braking systems for vehicle safety are becoming increasingly important. The AEBS can prevent rear-end collisions or mitigate collision injuries by providing early warnings and braking automatically when necessary [4]. Unlike passenger cars, commercial vehicles have to work in complex and variable driving conditions, with large mass variations and a high center of gravity [5]. Therefore, when developing an automatic emergency braking system for commercial vehicles, it is necessary to identify the driving conditions of the vehicle in order to improve the robustness of the control strategy.



The AEBS can be generally divided into a sensing layer, a decision layer, and an actuation layer [6]. The parameters acquired by the sensing layer can be divided into three categories: the relative motion parameters of the target vehicle and the host vehicle, the load parameters of the host vehicle, and the road parameters. The relative motion parameters include relative speed, relative distance, and relative acceleration, which can be obtained directly by radar or camera sensors [7]. The load parameters of the host vehicle mainly refer to the mass and center of gravity position. The load parameter estimation method based on vehicle sensors requires the additional installation of corresponding sensors [8], which increases the vehicle upgrade cost and the complexity of the system [9]. In addition, there are road bumps, suspension deformation, and other factors in the process of vehicle driving, and the accuracy of parameter acquisition is poor. The load parameter estimation method based on the vehicle dynamics model does not require additional hardware for calculations and is therefore more widely used [10].



The road parameters include the road grade and the tire-road friction coefficient. These two types of parameters cannot be directly obtained by the cost limitation of the sensors, so they need to be estimated [6]. The instantaneity and accuracy of the parameters acquired by the sensing layer are crucial to the control decision [11].



The estimation methods of the tire–road friction coefficient are divided into cause-based and effect-based estimation methods [12], in which cause-based estimation methods require the direct measurement of the tire-road friction coefficient with sensors or indirect calculations by measuring the effect of friction [13,14]. Cause-based estimation methods are predictive in estimating the road surface, but the sensors are sensitive to environmental changes and are less robust. Effect-based estimation methods estimate the tire-road friction coefficient by analyzing the response of the vehicle as a result of pavement changes. This type of method does not generally require additional sensors and does not require an ideal working environment [15,16,17].



The use of known vehicle dynamics and kinematic information to determine the current driving conditions of the vehicle without increasing the complexity of the system plays a key role in improving control effectiveness.



The decision layer of the AEBS for commercial vehicles makes early warning and braking decisions based on various types of information obtained from the sensing layer and sends a brake request to the actuation layer [18]. If the AEBS acts too early, it affects the normal operation of the driver and makes the driver distrust the AEBS, while intervening too late may lead to safety problems [19]; therefore, the rationality of the AEBS decision directly affects the driving experience and the synergistic control effect of safety during braking. The AEBS control strategy can generally determine whether the system needs to perform early warning or emergency braking based on a distance scale or time scale [20,21]. The relative distance-based discrimination method uses the relative distance as an indicator to measure the level of danger, and compares this with the threshold value to guide the AEBS for collision avoidance operations, e.g., warning and emergency braking [22,23]. This method is simple to implement, but the preset threshold is mainly determined by parameters such as the speed of the host vehicle, the relative speed of the target vehicle, and the maximum braking deceleration of the host vehicle [24]. However, real-world driving scenarios are more complex and variable, so other parameters that have an impact on the braking distance need to be introduced into the control strategy. Another discrimination method using the time scale is the time to collision (TTC), which is an indicator of the hazard status [18]. In the driving process, the driver has a more intuitive feeling of the remaining collision occurrence time [25,26], but the preset TTC value does not have scenario adaptability. Therefore, an AEBS control strategy that is based on the actual driving condition of the vehicle and that combines the safe distance and TTC is the key to ensuring both a good driving experience and braking safety.



Compared to the current work, this paper proposes an AEBS control strategy that adjusts the decision parameters in real time according to the actual driving conditions of the vehicle. The traditional AEBS sensing layer function was optimized by considering vehicle mass and road conditions, and the vehicle driving information is fully utilized without changing the system architecture. The estimation module of the load state and road conditions was added and the dynamics constraints of the actual driving condition of the vehicle were constructed. These parameters and constraints can be applied to the real-time adjustment of the control parameters. An AEBS control strategy with a driving condition adaptation is proposed, which can formulate real-time solutions for AEBS strategy control parameters under longitudinal dynamics constraints in different driving conditions, ensuring the adaptability and control robustness of the AEBS. Finally, the developed algorithm was validated in field tests for various driving conditions. The results show that the AEBS control strategy proposed in this paper can avoid collisions in all test scenarios and maintain a parking spacing of approximately 5 m. In the extreme test scenario with a full load and low tire–road friction, as compared with the fixed threshold control strategy, the warning can be issued 0.2 s earlier and the maximum intensity braking can be carried out 0.5 s earlier.




2. AEBS Control Strategy with Driving Condition Identification


2.1. Control Strategy Framework and Simulation Settings


In this paper, a control strategy based on the vehicle driving conditions is proposed. The AEBS framework is shown in Figure 1. The control strategy is divided into a sensing layer and a decision layer. The function of the sensing layer is to obtain driving information in relation to the target vehicle and estimate the driving condition of the host vehicle. The function of the decision layer includes braking deceleration decisions and braking force distribution. The control strategy outputs the desired braking force of each axis to the vehicle model and completes the closed-loop control.



To validate the proposed estimation method, a simulation platform was constructed using Matlab Simulink (MathWorks, United States of America) and TruckSim(Mechanical Simulation Corporation, United States of America). Matlab Simulink was used to build the estimation method for the vehicle load state and road conditions. The vehicle dynamics model in TruckSim is used to accurately calculate the vehicle motion state and parameters such as the vehicle load, road grade, and the tire-road friction coefficient. Moreover, the relative motion state of the target vehicle and host vehicle are set in TruckSim, and the relative motion information is transferred to the control strategy. The architecture of the proposed co-simulation platform is shown in Figure 2.



The vehicle in this paper is a two-axle van, and the vehicle parameters are shown in Table 1.




2.2. Sensing Layer


The inputs to the sensing layer are divided into two categories. One is the relative driving information from the radar, including relative velocity, relative distance, and relative acceleration, which can be directly transferred to the decision layer. The second is the vehicle’s driving information, such as vehicle speed, transmission ratio, and engine torque, which is used to estimate the vehicle load state, the mass center location, the road grade, and the tire-road friction coefficient.



2.2.1. Vehicle Load State and Road Grade Estimation


Since the vehicle system is complex, each component affects each other, resulting in a significant coupling phenomenon between the vehicle system’s state parameters. The vehicle mass and road grade are a set of mutually coupled quantities, so these two quantities are estimated successively. The schematic diagram of the vehicle load state and grade estimation method is shown in Figure 3. First, we need to determine whether the vehicle is in the starting state, and when the vehicle is in the starting state, we perform an estimation of the mass and use the estimation result in the estimation of the road slope.



The vehicle mass only generally changes in the starting condition, and can be treated as a constant during driving, so the vehicle mass can be estimated based on the engine output torque and wheel speed. The vehicle ESC (electronic stability control) system is equipped with an acceleration sensor, which can be used to measure the static inclination of the vehicle.



The flow of the vehicle start state discernment is shown in Figure 4. When the engine is in the idle scenario, the transmission is in neutral position, and the vehicle velocity is 0 km/h, it can be determined that the vehicle is currently in the normal stop state. The stop state flag bit is expressed as    F  s t o p   = 1  ; after a period of time (such as 2 s), if the vehicle velocity exceeds a certain value and no braking signal appears, the vehicle is considered to be in the starting acceleration state. The transmission cannot be shifted, and the wheels do not slip during the process.



After determining that the vehicle is in the starting state, the vehicle mass is estimated by applying the least squares method based on the vehicle longitudinal dynamics equation, as shown in Equation (1).


     T  t q    i 0   i g   η t   r  = m g sin β +  1 2   C D  A ρ  v 2  + m g f cos β + δ m  v ˙   



(1)




where  m  denotes the vehicle mass,  v  denotes the vehicle longitudinal speed,    I w    denotes the rotating inertia of the wheels,    I f    denotes the rotating inertia of the flywheel,    I 0    denotes the final drive gear ratio,    i g    denotes the vehicle transmission ratio,    T  t q     denotes the engine torque,    η t    denotes the transmission efficiency,  r  denotes the wheel rolling radius,    C D    denotes the wind resistance coefficient,  A  denotes the windward area,  ρ  denotes the air density,  f  denotes the road rolling resistance coefficient,  β  denotes the road grade, and   δ = 1 +  1 m     ∑   I w       r 2    +  1 m     I f   i g 2   i 0 2   η t     r 2      denotes the rotary mass coefficient.



The vehicle longitudinal dynamics equations are transformed into a least-squares format as follows:


  y =  ϕ T  θ  



(2)




where


  y =  v ˙   



(3)







Thus,


   v ˙  =  1 m  (    T  t q    i 0   i g   η t  − I ⋅  ω ˙   r  −  1 2   C D  A ρ  v 2  ) −  g  cos α   sin ( β + α )  



(4)






  ϕ =  [         T  t q    i 0   i g   η t  − I ⋅  ω ˙   r  −  1 2   C D  A ρ  v 2        −  g  cos α        ]   



(5)






  θ =  [       1 m        sin ( α + β )      ]   



(6)







The mass of the vehicle was estimated on a horizontal road unladen and with a full load, respectively. In the simulation, the vehicle accelerated straight at an initial speed of 0 km/h on a good road surface. The results of the vehicle mass estimation are shown in Figure 5 and Table 2.



As can be seen in Figure 5 and Table 2, the least-squares mass estimation method based on the starting state of the vehicle can be used to estimate the vehicle mass, and the estimation results are close to the real values. The absolute value of the difference between the steady-state estimated value and the true value was divided by the true value, as in the error calculation method. The method converged quickly and the steady-state error between the estimated value and the actual value was shown to be within 3.5%. The estimation results were applied to the subsequent road grade estimation in real time and to the control strategy.



Road grade simulations were performed under varying road grades and a fixed vehicle gear ratio. The estimation results are shown in Figure 6 and Table 3.



As shown in Figure 6 and Table 3, the method proposed in this paper can estimate the real-time change in road grade, the convergence speed of this method is fast, and the absolute error is within 0.35%.




2.2.2. Vehicle Mass Center Location Estimation


The load mass of commercial vehicles varies considerably, and the load distribution is unpredictable. Thus, it is necessary to calculate the load transfer between the front and rear axles according to the center of gravity position in order to ensure a reasonable braking force distribution. Most commercial vehicles are now equipped with air spring suspension. The pressure sensor in the air spring of the air suspension can measure the air pressure value, and the load value    G r    of the rear axle of the commercial vehicle can be estimated based on the air pressure.



When the vehicle is driven on a horizontal road, the ground normal reaction force can be given by:


   F  z f   = m g cos β  b L  + ( m g sin β + m  v ˙  )    h g   L  −  1 2   C D  A ρ  v 2     h a   L   



(7)






   F  z r   = m g cos β − m g cos β  b L  + ( m g sin β + m  v ˙  )    h g   L  −  1 2   C D  A ρ  v 2     h a   L   



(8)




where  L  is the wheelbase,    F  z f     and    F  z r     are the vertical load of the front and rear wheels, respectively,  a  and  b  are the distances from the center of mass to the front and rear axles, respectively,    h a    is the distance from the point of action of the air resistance and other effects to the ground, and    h g    is the distance from the center of gravity to the ground.



In this paper, the center of gravity position is estimated using the CKF method. The parameters to be estimated are the distance b from the center of mass to the back axis and the height    h g    of the center of mass.



Equations (7) and (8) were transformed into the standard form for CKF filtering. The state vector, observation vector, and system expression of the CKF filtering algorithm are as follows:


  x =   [    b     h g      ]  T   



(9)






  z =  [     F  z f   +  1 2   C D  A ρ  v 2     h a   L       F  z r   − m g cos β −  1 2   C D  A ρ  v 2     h a   L     ]   



(10)






   x k  =  x  k - 1   + w ( k )  



(11)






   z k  =  [        m g cos β  L      −   m g sin β + m   v ˙  x   L        −   m g cos β  L        m g sin β + m   v ˙  x   L       ]   x k  +  v k   



(12)




where   w ( k ) ∼ N ( 0 ,  Q k  )   is the system process noise,   v ( k ) ∼ N ( 0 ,  R k  )   is the system observation noise,   w ( k )   and   v ( k )   are Gaussian noise with 0 mean,    Q k    and    R k    are covariance matrices.



The center of gravity positions unladen and at full load were estimated on the horizontal road surface. The estimation results are shown in Figure 7 and Figure 8, as well as Table 4.



The distance from the mass center to the rear axle and the height of the mass center were estimated, respectively. From the results of the center of gravity position estimation, the results are close to the real values, the convergence time is short, and the steady-state error between the estimated value and the actual value was shown to be within 5%.




2.2.3. Tire-Road Friction Coefficient Estimation


Burckhardt et al. obtained the “coefficient of tire-road friction coefficient-slip” relationship curves for some common pavements through extensive tests [27].



From Figure 9, in the small slip rate region (  λ ≤ 0.05  ), the “tire-road friction coefficient-slip rate” is approximately linear. In the large slip rate region (  λ > 0.05  ), the curves of “tire-road friction coefficient-slip rate” for pavements with different friction coefficients differ significantly. Therefore, in this paper, the   μ - λ   model method and   μ - λ   curve grade method are used for the estimation.



In this study, the longitudinal slip side deflection combination Dugoff tire model was used to estimate the road friction coefficient at a large wheel slip rate (  λ > 0.05  ). The Dugoff tire model equation is:


   F x  = μ  F z  ⋅  C x   λ  1 − λ   ⋅ f ( L )  



(13)






   F y  = μ  F z  ⋅  C y    tan ( α )   1 − λ   ⋅ f ( L )  



(14)




which gives


  f ( L ) =  {      L ( 2 − L ) , L < 1       1 , L ≥ 1        



(15)






  L =   ( 1 − λ )   2    C 2   λ 2  +  C z 2    tan  2  α     ⋅  (  1 − ε ⋅  v x  ⋅    C x 2   λ 2  +  C y 2    tan  2  α    )   



(16)




where    F x    is the longitudinal force of the tire,    F y    is the lateral force of the tire,    F z    is the vertical force of the tire,    C x    and    C α    are the longitudinal slip stiffness and lateral deflection stiffness of the tire, respectively,  α  is the lateral deflection angle of the tire,  λ  is the actual longitudinal slip rate,    V w    is the longitudinal velocity at the wheel center,  ω  is the angular speed of the wheel, and  r  is the wheel rolling radius.



The tire forces    F x    and    F y    can be estimated by Kalman filtering [28], and the parameters to be identified in the Dugoff tire model are    C x   ,    C α   , and  μ ,    C x    and    C α    are related to tire pressure, vehicle velocity, normal load, and tire structure, and the parameters change very little in a short period of time, so    C x    and    C α    can be approximated as a constant, and  μ  can be estimated using the least squares method.



The Dugoff tire model can be written in the following nonlinear format:


  y ( k ) = f ( k , μ ( k ) ) +  v 1   



(17)




which gives


  y ( k ) =    [   F x  ,  F y   ]   T   



(18)




where   f ( k , μ ( k ) )   is the expression of the Dugoff tire model, and    v 1    is the noise during the measurement.



Linearizing   y ( k )  , Equation (17) can be approximated as:


  y ( k ) ≈ F ( k ) (  μ ^  ( k ) − μ ( k − 1 ) ) + f ( k ,  μ ^  ( k − 1 ) )  



(19)




which gives


  F ( k ) =       ∂ f   ∂ μ    |    μ =  μ ^  ( k − 1 )    



(20)




where    μ ^  ( k )   is the observed value of  μ .



We define the variable   z ( k )   as


  z ( k ) = y ( k ) + F ( k ) (  μ ^  ( k − 1 ) ) − f ( k ,  μ ^  ( k − 1 ) )  



(21)




then there is


  z ( k ) ≈ F ( k )  μ ^  ( k )  



(22)







The form obtained by simplification meets the requirements of the least squares parameter estimation, and the tire-road friction coefficient can be effectively estimated using the least square method.



When the slip rate   λ ≤ 0.05  , the   μ − λ   curve is approximately straight. Therefore, the grade calculation can be used to estimate the tire-road friction coefficient at small slip rates.


  k =  (   F x    ′  /  F z    ′   )  / λ  



(23)






  μ = k ×  λ 1  × p  



(24)




where  k  is the grade of the   μ − λ   curve,    F x ′    and    F z ′    are the longitudinal force and vertical force of the tire at the current slip rate, respectively, and    λ 1    is the maximum tire slip rate in the linear zone, where p is a constant, generally taken as   1.2 ~ 1.4  .



When  λ  is between   0.05 ~ 0.08  , the estimated value at   λ = 0.05   is used as the tire-road friction coefficient in this range.



The tire-road friction coefficients were estimated under flat and uniform pavement simulation conditions at   μ = 0.4 , 0.6 , 0.8  , and the results are as follows:



As shown in Figure 10 and Table 5, the tire-road friction coefficient estimation method proposed in this paper is relatively accurate, the estimation result is close to the real value, the steady-state error between the estimated value and the actual value is small, and the estimation result could be applied to the control strategy.





2.3. Decision Layer


The function of the AEBS control strategy is to construct the longitudinal dynamics constraints of the vehicle under the actual driving conditions based on the information output from the sensing layer, to make decisions on the braking intervention timing and braking deceleration, and finally to distribute the braking force of the vehicle. The AEBS control process is shown in Figure 11.



In this paper, the safety level of the vehicle is divided into “secure area (SA)”,” level 1 warning (L1)”, “level 2 warning (L2)”, and “emergency braking (EB)” in terms of time and space, as shown as Figure 12. SA means that the AEBS system does not need to perform any action, L1 means that the AEBS emits an audible sound or flashes an indicator light to alert the driver of a possible safety risk, L2 means that the driver does not perform a braking operation, and the AEBS brakes with a small deceleration to alert the driver, while eliminating the gap in the braking system and preparing for the possible emergency braking that follows. EB means that the vehicle brakes with the maximum deceleration that the AEBS can achieve to ensure the safety of the vehicle.



2.3.1. TTC Calculation and Braking Deceleration Decision


A combination of the safety time model and safety distance model is used for the control of braking intervention. First, the safety distance model is used to determine the L2 warning distance from the vehicle, and then the time to collision (TTC) equation, which considers the relative acceleration, is used to calculate the current TTC value as the threshold value for the AEBS to trigger the secondary warning; this is used to determine the time point for the braking intervention. The relative motion process of the two vehicles is simplified, i.e., the host vehicle and target vehicle are in linear motion maintaining the current velocity and acceleration until the two vehicles collide.


  T T C =  {       D  r e l      v  r e l       (  v  r e l   > 0 ,  a  r e l   = 0 )       −  v  r e l   +    v  r e l     2  + 2  a  r e l    D  r e l        a  r e l        (   v  r e l   ≥ 0 ,  a  r e l   ≠ 0  )           or  (  v  r e l   < 0 ,  a  r e l   > 0 )     c   e l s e      



(25)




where    v  r e l   =  v  H V   −  v  T V     is the relative velocity,    a  r e l   =  a  H V   −  a  T V     is the relative acceleration,    D  r e l     is the relative distance,    v  r e l  2  + 2 ⋅  a  r e l   ⋅  D  r e l   ≥  0     , and  c  is a constant and is greater than the set TTC threshold value.



In the AEBS emergency braking stage, using the tire-road friction coefficient and the influence of road grade, the ground can provide the maximum braking deceleration as follows:


   a  b max   = μ ⋅ g ⋅ cos β + g ⋅ sin β  



(26)




where  g  is the gravitational constant,  μ  is the tire-road friction coefficient, and  β  is the road grade.



In addition, NHTSA collected data on the driver’s braking deceleration during braking [26]. From the statistics, it is clear that the average value of driver braking with a deceleration of   0.55   g  (  5.5   m /  s 2   ) cumulatively was 95%.



To take into account the braking habits of the driver, the driving experience, and the collision avoidance effect of the AEBS, the braking deceleration during emergency braking of the AEBS is determined as follows (unit:   m /  s 2   ):


   a b  = min   (  a  b max   , − 5.5 )  



(27)







On low friction coefficient roads, the braking deceleration cannot reach   5.5   m /  s 2   , and the braking deceleration at this time is determined as the maximum value that the ground can provide. On high friction roads, the braking deceleration is determined as   5.5   m /  s 2   . Since there is a gap in the actuator of the commercial vehicle pneumatic braking system, which will cause a delay in the deceleration response, a certain brake deceleration is applied to the vehicle in the L2 stage to make the vehicle eliminate the braking gap and thus improve the pressure response speed in the emergency braking stage. Here, the braking deceleration of the AEBS in the secondary warning stage is determined as   1   m /  s 2   .



The braking deceleration and vehicle status for each stage determined in this paper are shown in Table 6.




2.3.2. Braking Intervention Decision


According to Table 6, we can divide the decelerated speed–time course curve of the vehicle during an AEBS system operation into six stages, as shown in Figure 13, in which the red dashed line is the current target decelerated speed of the vehicle and the green solid line is the actual decelerated speed of the vehicle. The six stages are OA (brake coordination), AB (deceleration growth), BC (continuous braking), CD (decelerated growth), DE (continuous braking), and EF (brake release). The target deceleration, vehicle speed, braking distance, and time required for each phase are shown in Table 7.



The distance between the host vehicle and the target vehicle in front of the AEBS during braking is shown in Figure 14. When    v  H V   ( t ) =  v  T V   ( t )   and the relative distance is greater than    d 0   , the host vehicle enters a safe state and the AEBS releases the brake.



The L2 distance    D  t h     is defined as follows: when the relative distance between the two vehicles is    D  t h    , the AEBS enters the L2 stage and brakes according to the braking process described above. When the speed of the two vehicles is the same, the distance between the host vehicle and the target vehicle is    d 0   , and    D  t h     is the critical L2 distance. Its calculation equation is as follows:


   D  t h   =  D  H V   −  D  T V   +  d 0   



(28)




where    d 0    is the reserved safety distance,    D  H V     is host vehicle braking distance, and    D  T V     is the driving distance of the target vehicle during the host vehicle braking process.



The reserved safety distance should be selected moderately. If    d 0    is too large, it will hinder the efficiency of passage; if it is too small, it will affect collision avoidance. After comprehensive consideration of braking safety and efficiency factors, the reserved safety distance    d 0    was determined to be 5 m.



Since the CCRb2 condition cannot predict the speed of the target vehicle    v  T V   ( t )   after braking, in order to improve the safety of the AEBS, the speed when the brakes are released from the vehicle in the CCRb2 condition is set to 0. The speed when the brakes are released from the AEBS in the rest of the conditions is the same as that of the target vehicle.


   v  H V   ( t ) =  {    0      CCRs / CCRb       v  T V   ( t )      CCRm         



(29)







From the above analysis, the critical L2 distance    D  t h     is determined under different working conditions.



The TTC-based AEBS warning and emergency braking control flow used in this paper are shown in Figure 15.



Therefore, the task of the braking intervention timing decision is to determine the TTC threshold values for the primary warning stage, the L2 distance stage, and the emergency braking stage.



From the above analysis of the braking distance between the host vehicle and the target vehicle, it is clear that the AEBS enters the L2 stage and brakes when the relative distance between the two vehicles is    D  t h    , and the two vehicles are finally separated by    d 0   . Therefore,    D  t h     is substituted into the TTC calculation equation, and the TTC value at this time is the threshold value for the L2 stage of the AEBS.



The TTC threshold value for the L2 stage determined by    D  t h     is as follows:


  T T  C  t h , II   =  {       D  t h      v  r e l       (  v  r e l   > 0 ,  a  r e l   = 0 )       −  v  r e l   +     (  v  r e l   )  2  + 2 ⋅  a  r e l   ⋅  D  t h        a  r e l        (     v  r e l   ≥ 0 ,  a  r e l   ≠ 0      v  r e l   < 0 ,  a  r e l   > 0    )       



(30)







In addition, taking into account braking safety and the driving experience, the warning time and emergency braking time of the AEBS are specified as follows:



When the TTC is greater than 4.4 s, the AEBS should not issue a collision warning. The emergency braking phase should not start before the TTC is greater than 3 s. L2 is 0.8 s before the start of emergency braking, with two modes of acoustic, optical, and tactile warning. L1 is 1.4 s before the start of emergency braking, with one mode of acoustic, optical, and tactile warning. The threshold value of the second level of warning should be less than 3.8 s.



The threshold value of the second level of warning should be less than 3.8 s.



In summary, on the basis of the warning time defined by the driving experience and the TTC threshold values for the L2 stage calculated using Equation (30), the TTC threshold values for the primary warning stage, the L2 stage, and the emergency braking stage are determined as shown in Table 8.



In summary, this paper uses    D  t h     to invert the TTC threshold value of the L2 stage of the vehicle AEBS and finally determines the TTC threshold value of each stage, so as to improve its working condition adaptability and the driver’s trust in the AEBS.




2.3.3. Braking Force Distribution Strategy


The braking force distribution between the front and rear axles affects the braking safety of the vehicle. During braking, if the rear wheels are held first, the rear axle may slip sideways, and if the front wheels are held first, the vehicle will lose steering ability. Therefore, the braking force distribution strategy should be reasonably designed to ensure that the front and rear wheels are held at the same time while making full use of tire–road friction to improve the braking stability and safety of the vehicle [29].



The braking force distribution strategy is based on the desired deceleration, vehicle mass, road grade, the center of gravity position, and other parameters. Firstly, the braking force required by the vehicle is determined based on the desired deceleration    a  exp   (  a  exp   < 0 )  , the vehicle mass, and road grade of the AEBS, and then the axle load of the front and rear axles during braking is calculated and the front and rear axle braking force is distributed.



First, the braking force required by the vehicle is calculated according to Equation (31).


   F b  = m  a  exp    



(31)




where  m  is the vehicle mass and    a  exp     is the desired deceleration.



From Figure 16, when the wheel does not reach the road friction limit, the brake braking force is equal to the ground braking force, i.e.,    F μ  =  F b   . The total brake braking force can be determined from the total demand ground braking force.



Next, the normal force of the ground on the wheel is calculated. From the vehicle longitudinal dynamics equation, ignoring the effect of air resistance and rolling resistance, the normal reaction force of the ground on the wheels is:


   {     F  z f   =   m g b cos β − ( m g sin β + m  a  exp   )  h g   L       F  z r   =   m g a cos β + ( m g sin β + m  a  exp   )  h g   L       



(32)




where    F  z f     and    F  z r     are the normal reaction forces of the ground on the front and rear wheels, respectively.



The front and rear axle braking forces are distributed according to the normal force of the ground on the wheels. When the front and rear axle braking force is distributed, it is necessary to ensure that the front and rear wheels utilize the same road friction.


   {     F  μ f   +  F  μ r   =  F μ         F  μ f      F  z f     =    F  μ r      F  z r          



(33)




where    F  u f     and    F  μ r     are the front and rear axle braking forces at the current brake deceleration.



Finally, in regards to distributing the wheel braking force, the braking force is equally distributed between the left and right wheels of the same axle, and when braking on special roads, such as opposing roads, the braking force is adjusted by the ABS to ensure the braking safety of the vehicle as a priority.


   {     F  μ f r   =  F  μ f l   =  1 2   F  μ f        F  μ r r   =  F  μ r l   =  1 2   F  μ r        



(34)




where    F  μ f l    ,   F  μ f r    ,   F  μ r l    ,   F  μ r r    ,denote the braking force of the four wheels.






3. Construction of Test Platform


In order to verify the effectiveness and robustness of the proposed AEBS control strategy, a test platform was built.



3.1. Configuration of the Test Platform


The proposed algorithm was embedded in an RCP unit based on Simulink Real-Time, and the configuration of the test platform is shown in Figure 17. The platform is divided into four parts: the host PC, the target PC, the I/O hardware, and the brake system hardware. The initial motion states of the host vehicle and the target vehicle, and the virtual radar signals were set in TruckSim. The AEBS control strategy and the vehicle dynamics model were compiled in the host PC and sent to the target PC via the Ethernet, and the target PC was used as the carrier for the I/O hardware to complete the signal acquisition and output to the host PC. The experimental data were assessed in Matlab installed on the host PC.



The overall structure and components of the test platform are shown in Figure 18.




3.2. Test Conditions


The AEBS test was conducted under different load states, road grades, and tire-road friction coefficients. The host vehicle approached the target vehicle with different initial speeds and relative distances, and the specific test scenarios were set as shown in Table 9.





4. Results and Analysis


4.1. CCRs Scenario


The initial speed of the host vehicle was 40 km/h, the speed of the target vehicle was 0 km/h, and the initial distance was 120 m. The test results are shown in Figure 19.




4.2. CCRm Scenario


The initial speed of the host vehicle was 80 km/h, the speed of the target vehicle was 12 km/h, the initial distance was 120 m, and the road grade was 0%. The test results are shown in Figure 20.




4.3. CCRb Scenario


The road grade was 0%,   μ = 0.8  , the initial distance was 40 m, the speed of the host vehicle was 50 km/h, the speed of the target vehicle was 50 km/h, and the target vehicle applied a   4   m /  s 2    deceleration at t = 4 s. The test results are shown in Figure 21.



The performance of the proposed AEBS was evaluated for various load states, road grades, and friction conditions, and the results are listed in the right part of Figure 19, Figure 20 and Figure 21. The performance of the fixed threshold strategy is shown in the left part and is compared with the proposed system.



The desired distance after AEBS activation was set to 5 m from the target. In the CCRs scenario, the two control strategies were able to ensure that the vehicle did not collide, but under the condition of   μ = 0.8  , the distance between the two vehicles when parking for the fixed threshold strategy was close to 20 m. The proposed AEBS maintained a parking distance of approximately 5 m regardless of the attachment conditions, which improved the utilization rate and traffic efficiency of the road space. In the CCRm test, the fixed threshold strategy was not able to avoid the occurrence of collisions, as shown in Figure 20(9). The method proposed in this paper had entered into the early warning state by 0.2 s, and braked with a maximum deceleration 0.5 s in advance to avoid a collision. In the CCRb scenario, the control strategy proposed in this paper maintained the maximum deceleration at   5.5 m /  s 2   , which would ensure a comfortable driving experience for the driver and passengers.





5. Conclusions


In this study, an analysis of the vehicle driving condition was added to the control strategy, in which the relevant parameters are estimated and simulated. In our method, the least-squares estimation method of vehicle mass based on the starting condition was used to estimate the actual mass of the vehicle, and the current road grade was estimated in real time based on the mass estimation result. The CKF method was used to estimate the center of gravity position and the estimation result was applied to the braking force distribution. The   μ − λ   model combined with the gradient of the   μ − λ   curve was used to estimate the road friction coefficient, and the estimation accuracy of the above parameters was guaranteed in real time. The   μ − λ   model and the gradient of the   μ − λ   curve were combined to estimate the tire-road friction coefficient. The AEBS control strategy improved the adaptability to the working conditions and decision-making rationality.



After the AEBS control strategy completed the decision and output the deceleration demand, the front and rear axle braking force was distributed by combining the current actual load and the center of gravity position of the vehicle. This ensures the braking stability of the vehicles, while making full use of the road friction conditions, and improves the control robustness of the AEBS.



The experimental results show that the proposed AEBS control strategy can guarantee a good control effect under different load conditions and road conditions. The AEBS proposed in this paper did not collide in any test scenario. The proposed AEBS maintains a parking distance of approximately 5 m regardless of the attachment conditions. When the fixed threshold strategy cannot avoid collision, the AEBS proposed in this paper enters the early warning state within 0.2 s, and brakes with maximum deceleration 0.5 s in advance to avoid a collision. The control strategy proposed in this paper maintains the maximum deceleration of   5.5   m /  s 2   , which would ensure a comfortable driving experience for the driver and passengers.
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Figure 1. Control framework of the AEBS. 
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Figure 2. AEBS simulation platform architecture. 
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Figure 3. Vehicle load state and road grade estimation schematic. 
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Figure 4. Flowchart of vehicle start state discrimination. 
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Figure 5. Mass estimation based on the starting state of the vehicle. (a) Unladen mass estimation results; (b) full load mass estimation results. 






Figure 5. Mass estimation based on the starting state of the vehicle. (a) Unladen mass estimation results; (b) full load mass estimation results.



[image: Machines 10 00895 g005]







[image: Machines 10 00895 g006 550] 





Figure 6. (a) Schematic diagram of road height variation with mileage; (b) road grade estimation results. 
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Figure 7. Estimation results of the center of gravity position of the vehicle without a load. (a) Distance from the center of gravity position to the rear axis; (b) height of the center of gravity. 
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Figure 8. Estimation results of the center of gravity position of the vehicle at full load. (a) Distance from the center of gravity position to the rear axis; (b) height of the center of gravity. 
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Figure 9.   μ - λ   relationship curve. 
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Figure 10. Tire-road friction coefficient estimation results. (a) Estimation results for μ = 0.4; (b) estimation results for μ = 0.6; (c) estimation results for μ = 0.8. 
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Figure 11. AEBS decision layer control strategy architecture. 
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Figure 12. Vehicle safety status division. 
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Figure 13. AEBS target deceleration and actual deceleration. 
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Figure 14. Vehicle distance diagram. 
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Figure 15. TTC-based AEBS control flow. 
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Figure 16. Relationship between ground braking force and brake braking force. 
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Figure 17. Configuration of the test platform. 
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Figure 18. Physical display of the test platform. 
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Figure 19. Comparison of experimental results for the CCRs scenario. 
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Figure 20. Comparison of the experimental results for the CCRm scenario. 
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Figure 21. Comparison of experimental results for the CCRb scenario. 
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Table 1. Vehicle parameters.
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	Items
	Values
	Items
	Values





	Mass of vehicle fully loaded (kg)
	17,000
	Tire type
	275/80R22.5



	Vehicle weight (kg)
	6300
	Vehicle length (mm)
	9000



	Wheelbase (mm)
	5300
	Vehicle width (mm)
	2550



	Axle track(mm)
	1943/1860
	Vehicle height (mm)
	3500
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Table 2. Summary of vehicle mass estimation results.
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	True Value(kg)
	Estimated Value(kg)
	Relative Error





	Unladen
	6300
	6417
	1.85%



	Full load
	17,000
	16,420
	3.41%
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Table 3. Road grade estimation results.
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	Real Value of Road Grade (%)
	Estimated Value of Road Grade (%)
	Absolute Error





	10%
	9.69%
	0.31%



	0%
	0.15%
	0.15%



	−10%
	−9.85%
	0.15%
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Table 4. Summary of results of center of gravity position estimation.
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Vehicle Load Status

	
Parameters

	
True Value

	
Estimated Value

	
Relative Error






	
No load

	
Distance from the center of gravity to the rear axis(mm)

	
2687

	
2700

	
0.5%




	
Height of center of gravity (mm)

	
1017

	
977.3

	
3.9%




	
Full load

	
Distance from the center of gravity to the rear axis(mm)

	
2111

	
2100

	
0.5%




	
Height of center of gravity (mm)

	
1537

	
1461.4

	
4.9%
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Table 5. Tire-road friction coefficient estimation results.
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	True Value
	Estimated Value
	Relative Error





	0.4
	0.378
	5.5%



	0.6
	0.573
	4.5%



	0.8
	0.818
	2.25%
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Table 6. Braking deceleration and vehicle status in each phase.
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	EB
	L2
	L1
	SA





	Braking deceleration (  m /  s 2   )
	    a b    
	−1
	0
	0



	AEBS response status
	Braking
	Light + sound warning
	Light warning
	Normal driving
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Table 7. List of parameters for each braking phase.
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	Braking Phase
	Target

Deceleration      (    m / s   2  )   
	Time
	Vehicle Speed
	Braking Distance





	OA
	−1
	0.2
	    v  S V , A   =  v  S V     
	    D 1  =  v  S V   ⋅  t 1    



	AB
	−1
	0.2
	    v  S V , B   =  v  S V , A   +  1 2   a 0  ⋅  t 2    
	    D 2  =  v  S V , A   ⋅  t 2  +  1 6   a 0  ⋅  t 2 2    



	BC
	−1
	0.4
	    v  S V , C   =  v  S V , B   +  a 0  ⋅  t 3    
	    D 3  =     (  v  S V , C   )  2  −   (  v  S V , B   )  2    2  a 0      



	CD
	    a b    
	0.3
	    v  S V , D   =  v  S V , C   +  1 2  (  a b  −  a 0  ) ⋅  t 4    
	    D 4  =  v  S V , C   ⋅  t 4  +  1 6  (  a b  −  a 0  ) ⋅  t 4 2    



	DE
	    a b    
	      v  S V , E   −  v  S V , D     2 (  a b  −  a 0  )     
	    v  S V , E   =  v  T V   ( t )   
	    D 5  =     (  v  S V , E   )  2  −   (  v  S V , D   )  2    2 (  a b  −  a 0  )     



	EF
	0
	0
	0
	    D 6  = 0   
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Table 8. TTC threshold.
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	    Emergency   Braking   (  t  t h 1   )    
	    L 2 (  t  t h 2   )    
	    L 1 (  t  t h 3   )    





	   min ( T T  C  t h , II   , 3.8 ) − 0.8   
	   min ( T T  C  t h , II   , 3.8 )   
	   min ( T T  C  t h , II   , 3.8 ) + 0.6   
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Table 9. HIL test conditions.
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Conditions

	
Load State

	
Friction

	
Grade






	
CCRs

	
No load

	
0.4

	
0




	
No load

	
0.8

	
0




	
Full loaded

	
0.4

	
0




	
Full loaded

	
0.8

	
0




	
No load

	
0.4

	
−10




	
No load

	
0.4

	
0




	
No load

	
0.4

	
10




	
CCRm

	
No load

	
0.4

	
0




	
No load

	
0.8

	
0




	
Full loaded

	
0.4

	
0




	
Full loaded

	
0.8

	
0




	
CCRb

	
No load

	
0.8

	
0




	
Full loaded

	
0.8

	
0

















	
	
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/file8.jpg
== [ ==

Mass ( x10° kg)

Time (5) Tine (5)

(a) (b)





media/file27.png
vy (t)

Uy (1)

Uty

Vnpy

DTV

DHV






media/file43.png
Proposed strategy

Fixed threshold strategy

- - - Target
———Measursd

R L L T T
{8/ uoneisjaoag
(sfWy Apaojas amieay

¥ a_.M 2 o

L = = (<

——Relstive distance

——Relstive vebocty

. w9 8@ 8 2 ©

W) eouBlEp BAESY

A . I
(8/W) uopelajaaag

(/0 Apaojan oajEjay

(W) eouElEp aAEaY

i

i

i
& g @ &

Time (s}

Timals

(4)

= = = Target deceleration
——Mezsurad deceleration | |

. —

T W W
(8 uoeIsjaaag

(s/W ) Apsojan amje|ay

- [ -+ -

% % 8 & ¢ =

(uy saumEp smjEay

1 E

o Wt e G o
(8w uoheis|aaaq

(Sfl ) Apaojas ase|ay

Ed @ A

(W) aauelEp aneay

hl]

Time (s}

Timals

()

(8)

Full loaded

Full loaded





media/file12.jpg
(b)

(a)





media/file14.jpg
i f & 1 1

(b)

(a)





media/file35.png
\ N |
Iy
o y

| “r
"jt};"!ﬁ"'( f‘: :

10
11

12

Air storage reservoir

Double channel axle modulator
Rear brake chamber
Pressure sensor

ABS valve

Electromagnetic relay valve
Front brake chamber

Brake pedal

Optical isolation drive board
24V DC power supply
Target PC

Air compressor





media/file20.jpg
N Iy a
ot Dy LN ey
Ko Vs, —
RN lh
e | _1C oy wariog e
a T
N Sancsor
asruen o warnng
b,
L






media/file5.png
iV F,, =1 ) ——
——————————— >
Vehicle start Vi, T Vehicle load
Brake signal state recognition * state estimation
_—nm
— .

Estimated Vehicle mass
m
Vi Estimated Road grade

Host Vehicle velocity 1

Y

n  Engine speed

T Enginet
fly e torase .1, | Road grade

Transmission gear » estimation
@ Wheel angular velocity
Fytart Vehicle starting condition;

Fetare=1, True;
Fipar:=0, False;





media/file19.png
Adhension coefficient

1.4 T T T T
Estimated value
----- Actual value
12
02 A
0 L L 1 1
0 1 2 3 4 5

Time (s)

(a)

Adhension coefficient

0.4

0.2

Estimated value
----- Actual value

Time (s)

(b)

Adhension coefficient

o
©

o
=)

o
»

Estimated value
Actual value

0 5 10 15

Time (s)

(c)

20





nav.xhtml


  machines-10-00895


  
    		
      machines-10-00895
    


  




  





media/file11.png
30

T T T T
[
3
S g
3@
T > 0
"|E S G
w0
w <
1
1
L L e 18
- EFee====-- 1w
0
| eyl o = e 1 o
e
| —— 4
1 1 1 1 o
T} o Y9} o Te} o n
- - _ < <
(%) jusipei9)
T T T T T
o
- 49
©
(o]
- s =]
Te}
(=]
- o
<
(o]
- 4 ©
[42]
(o]
- 4 ©
N
o
= (o]
o
1 1 1 1 1 o
N (o] [0} © < N o
-~ -~

(w) s19yew oo} Jed abueyd ybiay 0 Junowy

Time (s)

Vehicle mileage (m)

(b)

(a)





media/file41.png
Proposed strategy

Fixed threshold strategy

T T ~ .ms
— i
. " E
__HH -~ mm 1N = - -
] Fa .
; = - n ~ — ' ! N ~
— N " Q0 _ " , _
S S— 2 ~— _ 5
[ 1 S
w 1
. | " <
1
—t o.0] o -
S < |
. . L . . . o __ L ~~ s e
“ ! = ¥ @ K ki " * __ . M N . L a W or © v W om F P oy o o '-L.! L . L R
( 8/ uoielajaaag " - T —~ (L&) UonElajasag (g8/W) Uonesjaaag
~— (8iW) uoneiajenag ~_ [ .
. ge]
.~ — o)
(8 ) Apaojan ane|ay d d (8w ) Apoojan sage|ay d (s ) fpaojan sape|ay
= ] w o . . - + (s Apoaojan anje|ay a a 8 W " n" g w o - . - -
S ; ; : : " o 2 B 2 8 4 v e v o : S S L R n o = e ; =
- - : . - - n =1 M ]
4 g2
s ® _m.m @ w p— @ w
Z i Z i = |l§2
o o .ﬂ.ﬂ o u (S v
r 1% [r - o r
i (il | <l
| o~ — " p— dn |
S = — S—
W L
1w
T 8 8 8 8 9§ 8 ° R T B & 8 8 § 8 ° T 8 8 & 8 ¢ 8® °
(W) BouBlEp BAE|aY T 7T uy eousyap enje(ey (W) BOUBlEP BAlE|EY (W) BaUBEp BAlE|EY
n ] T L
_ 5
o , m_m e , m_m 12
=
S~ “ G . S _
_m —— — E ™
. - -+ -
— o%e -
- - Il
I I S
o or © T W M T P e T I R I I R e R
(L8 uoljelajasag S— nww_.E_.. uoijelajaaag S nww__E_._ uoijelajeaag _.,mwh_Eu uoljelaj@aan
[ L.. _..l .
_lm ’r“ _In _tt..“ i&
{8/ Apaojen aapeay a (s/wy Apaojan anjelay a (s/wy Apaojan amjejay d (8w Apoojen aajelay
E w o o 5] ¥ b w - o ki o a ? b w -+ o ki & a 2 o w -+ o ki
&4 9 - - w -+ o T O T T T T T T n 0 T T . . " a v T T T v T "
m T T T T T - Iw ﬂ 0 .m|m..
I S |F S |1 = |
i Z i Z i = |
(A , (il (Il 2 (] m
E— - n — n —
n —
- Poo o
W L n
wn
g & 8 8 % % 8 ° e 8 8 8§ § ¢ &# ° e
T 8 8 88 8 9§ & ° T 2ooE o8 $§ &8 88 8 8 8§ =&
- - - (W) BIUBIEP BaMEaY (W) BauElsp anjeay (LU BIUEBLEP aMlEEY
(W) BIUEIEP BMjE|a Y

(16)

1=0.8

s

15

Full loaded

(15)

(14)
1=0.8

!

Full loaded





media/file10.jpg





media/file40.jpg
Fixed threshold strategy Proposed strategy
= 3 =
i I;—U ; HoH
1k ] i -
m @ &) @
Nolead: =04 Noload: =04
5 .
i il |
i i il
® © 0 ®)

Noload; #=08

© (10)
Full loaded; =04

an (2)
Full loaded; =04

U

) I
Full loaded; #=08






media/file16.jpg
12

o8

08

Adhesion Coefficient

—— ry asphalt pavement

|——Dry cement pavement

|—— Wet asphalt pavement

|—— Wet cobblestone pavement|

Snow pavement

Ioe pavement

01

02

03

04 05 o8
Slip Rate

07

08

09





media/file3.png
Sensor Output

Sensor Model

Paramelter Estimation

Environment

Control Algorithms Model
Vehicle Parameter

brake force distribution

Vehlcle Control Input‘n

Vehicle Dynamics

[ TruckSim j MATLAB Simulink ]
I Vehicle State f






media/file22.jpg
Collision Safety

level 1
warning

Secure
Area

level 2.
warning

I

|

|

|

emergency \

braking |

|

|

|
s

>TTC

S

ty ty t3





media/file38.png
Proposed strategy

Fixed threshold strategy

- = - Target deceleration
———Mezsurad deceleration

nﬂ-____._._ ) uonelajasag

(sfly Apaojan sajeay

I I . D B

) w - o (=] L

i i i o N

140
20
00

@ @ Ed a “
(L} BaUBJEp BM)E[EY

- = - Target deceleration
———MNMezsured deceleration

L T L A B
(z8/W) uopeiejeaag

(sfly Apaojan sajeay

o490

) u - o =] L

——Relstive distance

140
20
00
&0

(W) SouElEp anjEay

w9 8§ °

Time (s

Timals

Time (s

Timals

(4)

(2)

=04

’

No load

u=04

r

No load

- - - Targst decsleration
———WMeaasured deceleration |

- = v ._.._ L + L._ P
ﬁN-__E 3 uonelajasan

(s Apaojan amje|ay

5 8 8 & 9
(W) B3UEEP anE|ay

i
s i i i i i i i N o
- I T L T S L R R R
(g8/W) uoneiejeaeg
(siW ) Apaojan amje|ay
2 i w -+ 0 « :5
..m =
mm
r
E

& 8 @ @ s
(L) BIUBIEP aMjE(ay

Time (52

Time (52

(8)

(6)

1=0.8

r

No load

1=0.8

r

No load

T - n
5
,mm .
o
! s,
_ 3
| y
i
w
R
-
nﬂ-“_._..cu uonelajaiag
(sfW ) Apoojan amje|ay
2 w w -+ o o o
. - - a "
v
u
&
| I

Timals

5 8 & &

(Ll 8auEl=Rp amjE|aY

Time (s

(10)

-y
nN-.__E 1 uonelaja@dag]

(8fy Apoojan anje|ay

o0

L] w «+ o o s

—FRejafive distance

——Foelalive velocity

i L A N M

P S R S S S
K S A B L

Timals

8 8 8 8 9 8 ¢
(L) eauelEp anjelay

(12)

; u=04

Full loaded

; u=04

Full loaded

———Measured decelzration |

- - = Target dec=leration

= 4“. n... "9 + .m_ W
nNi._.E 2 uonelajadang

(sfl ) Apaojen amieay

140

2 & @ 8 a =
(W) BauelEp aaelay

n

ie

i

L L i i PR N o

(= I I S L R R

{8/ ) uoieisjaaag
(sfy Apaojan amieay

2 w0 w - o o Hn

- . ; . . n

o

=

L

. . X X ) .

a @ @ B
(L) BaUBIEP aMlBEY

a (=]

Time (s

Time/s

(15)

Time (s}

(13)

(16)

(14)





media/file25.png
fActual deceleration

= = == 'Target deceleration

ts

.
~

&Il

e

»~

a(m/s?)

ap





media/file0.jpg
mf b,

i B

e »
T e oot s,

[E—— n

Host vehicle
PRS-

f—

Target vehicle





media/file26.jpg
vy ()

W
A F

Vay (£)






media/file34.jpg
Al storage reservor
Double channel axle modulator
Rearbrake chamber

Pressure sensor

ABS valve

Electromagnetic elay valve
Front brake chamber

Brake pedal

Opticalisolation drive board
24V DC poversupply

Target PC

Air compressor





media/file13.png
The distance from the center of mass to the rear axis (mm)

3500

3000

2500

2000

1500

1000
0

Estimated value
= = = Actual Value

Time (s)

(a)

Height of center of mass (mm)

1500

1000

3]
o
o

Estimated value
= = = Actual Value

0 1 2 3 4 5

Time (s)

(b)





media/file31.png
F,  Ground braking force

F Brake braking force
u

v





media/file39.png
Full loaded; u=

Relative distance (m?

&

m
a
r

b3

&

5

—Relznl distance

——Relstive velocty |40

cm
g

Relative distance

Timels

(17)

Relative velocity (m/s)

0.8

———MWMezsured deceleration |

Targetdeoelamm

Deceleration ¢ mfs2)
\

h ih Fs L ¥
T T T T T

Time

L=

(18)

No load; Road grade—-lO%, u=04

—Relame distance
———Relative ehci;r 4490

Time/s

(21)

cm)

g

Relative distance

b

&

5

=

- 12
—Rmme distance
——Relative velocty [J0

L2 e
Relative velocity ©mfs)

Relative velocity mis)

Timals

(25)
No load; Road grade=10%; ux=0.4

Deceleration ¢ m.’az‘.l

4 i ih *~ [ ]
o T T T T T r

Deceleration {mis=)

L L o .

Taget deceleration
———MWMaasurad deceleration | |

(22)
No load; Road grade—O%, u=04

Ta'getdenelaamn

———Meaasur=d deceleration | |

Time

(g2

(26)

Relative distance (m2

140
—Relarredlslame

120 ——Relative velochy |40
et

mh

s b

wh

mh

Time/'s
(19)

- -— ——— Fmne oy I -
100 b

cml

Relative distance

cm)

g

Relative distance

Full loaded; u=

ka B m i
Relative velocity (m/s)

0.8

- - - Target deceleration
———MWMezsurad deceleration | |
N.‘“-
o - o
: U
- =t ]
o
=t EEEEE— ! -
=
gt
o
=]
=tk
<}
72
Time 3

(20)

No load; Road grade—-lO%, u=04

Time/s

(23)

Relative velocity ( mis)

'II'aget decelzration
———Measurad decsleration | |

Deceleration ¢ mis2)

4 h ih & i ¥
o T T T T T ~

Time (s

(24)

No load; Road grade—O%, u=04

b

&

5

=

L] e i
Relative velocity ©mfs)

Timals

(27)
No load; Road grade=10%; ux=0.4

Deceleration mis=)

L " o .
- v T T T -

Tagetdmelaanm

———Measurad deceleration | |

Time (52

(28)





media/file18.jpg





media/file9.png
Mass ( x 103 kg)

Estimated value 1
= = = Actual value

0 1 2 3 4 5

Time (s)

(a)

Mass ( x 103 kg>

-
(8]

-
o

Estimated value
= = = Actual value

0 1 2 3 4 5

Time (s)

(b)





media/file42.jpg
Fixed threshold strategy Proposed strategy

= =1 = ==
. ok
i il ik U
[©) @ ®) “@

o 0 [ ®
Full loaded Full loaded





media/file23.png
Collision Safety

I~

Secure
Area

level 1
warning

level 2
warning

emergen Cy

braking

»TTC

I
I
I
I
I
I
I
®
0

~t
=

ty i3





media/file36.jpg
Fixed threshold strategy

=, =
1] J
(It I
i It i
) @ ) @
Noload; =04 Noload; u=04
J == | i [ ==
& T3] P Ty
[k 1 1 1 |
i i 1 i
® © @ ®
Noload; #=08 Noload; u=08

© a0 an a2
Fullloaded; =04 Fullloaded; =04
= =

I N

(13) (14 ) 6





media/file15.png
The distance from the center of mass to the rear axis (mm)

2500

2000

1500

1000

500

Estimated value
= = = Actual Value

2

Time (s)

(a)

Height of center of mass (mm)

2000 T T T T
Estimated value
= = = Actual Value
L0 I A U
1000
500 1 1 1 1
1 2 3 4

Time (s)

(b)






media/file28.jpg
Calculate TTC and
threshold value

TIC <, TIc <1, o lJTC <1,
ves ves Yes
3 v v
Emergency TevelZ Tevel T
braking warning warning






media/file2.jpg
Ve P

Vehice Dymamic

Sensor Output

Vehicle Control Inpu

Tarameer

—_—

Contl Ao Model.

rak force dibation

Trucksim MATLAD ik

Vehicle State






media/file32.jpg





media/file37.jpg
Full loaded; =08 Full loaded; #=08

3. ) =) EaT
- s
X T
a ) o) )
No load; Road grade=-10%; u=04 No load; Road grade=10%; u=04
¢ = ] == =)
T N
i il
en @ @) @1
No load; Road grade=0%; =04 No load; Road grade=0%; =04
=N T == ==
i o] o 4]
i I i :T
i 1] il
) 2 @ @)

No load; Road grade=10%; =04 No load; Road grade=10%; =04





media/file6.jpg





media/file24.jpg
Actual deceleration

= ' Target deceleration

a(m/s?)






media/file29.png
Calculate TTC and
threshold value

Emergency Level 2 Level 1
braking warning warning






media/file1.png
[/ Vehicle load slate T

estimation

|
|

Road grade
estimation
m, [, 1,b. h
Center of gravity Lp

position estimation

Tire-road [riction
coefficient
estimation

D

rel *

V

-4

v

P

) I

Wammg i TTC
distance )
) calculation
L calculation

o

Expected deceleration

_'*

Range sensor

Braking force
distribution

calculation and Braking
intervention fime

_/

|

F,,

L,

r

S
b
Vuv-Qyy
A J
Viyslo, G 0,1, -
Host vehicle
Vgr.dgy  Velocity and acceleration of host vehicle Vyp Gy Velocity and acceleration of target vehicle

D, Relative distance t Optimized AEB control threshold
Ay, Expected deceleration F, b K, Braking torque of front and rear axles

m Vehicle mass Jij Road grade

u Tire-road friction coefficient b.h. Mass center position parameters

i Transmission ratio G Rear axle load

0 .
@ Wheel angular speed T Engine torque

P -
Target vehicle





media/file7.png





media/file33.png
Host PC Target PC Data acquisition board

PCL-812PG

il ¢

i
o
Air compressor l*

24V DC power supply

Optical isolation
drive board

Pressure sensor

Electromagnetic Double channel A A AA
relay valve axle modulator
A A

Air storage
reservoir v

Front brake &
chamber

Rear brake
chamber

el electrical signal e air pressure signal






media/file17.png
Adhesion Coefficient

0.8

0.6

0.4

0.2

—Dry asphalt pavement

—— Dry cement pavement

Wet asphalt pavement

Wet cobblestone pavement

Snow pavement

Ice pavement

02 03 04 05 06 07 08 09
Slip Rate






media/file4.jpg
B

Vehicle load
State estimation

!

Vehicle start
state recognition

Brake signal

Estimated Vehiclo mass

Estimated Road grade.
» @

Yy Host Vehiclevelocity
n Engine spocd

Ty Beceiens Road grade
j,  Trnsmission gear estimation

o Whedlangular velocity

Fuare Ve stating conditon
Fuaare






media/file30.jpg
F, Ground braking force

banax.

F, Brake braking force






media/file21.png
Target vehicle
information

wp

Maximum

—

Deceleration

Fn'!l!]'i.\ |

a,

Deceleranon
decision

Driving distance |

E

Braking distance
of host vehicle

Dy,

\.l Critical distance

of target vehicle |

I)ﬂll
l—)l TTC threshold |

1 calculation

re." - C .'r«’.' ? I)rr«’."
> 1
] \
TTC real-time ITC Early warning decision
calculation Braking intervention decision
Load state and road a, I
condition parameter j=—»
estimation
x m Expected braking Fg, : brake force | Sounds or
fDIT.E dIStthutlon ||ght5 warning
A
b,h
A 4 £
vehicle dynamic
mc;del F;u."‘FH frr» Fm. F A
h,

Buzzer or
indicator light






