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Abstract


This study reinterprets the rear-end collision avoidance problem as a trajectory planning challenge, introducing an automatic braking control method based on seventh-degree polynomials. This approach effectively balances vehicle safety and comfort. Unlike traditional automatic braking control methods, e.g., time-to-collision or safety distance models, our method incorporates multiple constraints at both the initiation and conclusion of braking. Consequently, it significantly improves the braking comfort while ensuring collision avoidance; specifically, the braking deceleration changes smoothly rather than abruptly, greatly reducing the vehicle’s jerk value. In accordance with the Euro NCAP testing standards, three car-to-car rear (CCR) test scenarios, such as car-to-car rear stationary (CCRs), car-to-car rear moving (CCRm) and car-to-car rear braking (CCRb), were established within the CarSim environment. The proposed algorithm was rigorously evaluated through integrated simulations performed in CarSim and MATLAB/Simulink, demonstrating its effectiveness.
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1. Introduction


Automatic emergency braking (AEB) systems are vital components of modern automotive safety technology, designed to reduce or prevent collisions and ensure the safety of both occupants and pedestrians [1,2,3,4]. With the rising incidence of traffic accidents, especially those caused by driver distraction and fatigue, AEB systems have become essential in intelligent vehicles. Many manufacturers now equip their models with AEB systems, applicable to both passenger cars and heavy commercial vehicles [5,6,7,8,9,10,11]. As advancements in autonomous driving technology progress, the importance and scope of AEB systems are broadening, establishing them as foundational elements for the achievement of fully automated driving.



AEB systems utilize sensors and cameras to continuously monitor the environment and identify potential collision risks. Upon detecting a potential collision, the system automatically applies the brakes to mitigate or prevent the accident. A major advantage of AEB systems is their ability to intervene before the driver can react, significantly enhancing the safety on the road. Additionally, the precise timing of activation, combined with the coordinated control of passive safety systems, can further enhance the vehicle’s overall safety performance [12,13]. While the use of automatic emergency braking can reduce traffic accidents, many drivers do not fully understand the conditions that trigger this system. Reference [12] examined drivers’ ability to recognize the triggering conditions of AEB. The recognition of the condition was influenced by either information gathering or personal interest in cars. Additionally, a novel methodology was devised to predict how people’s heads move in self-driving cars during emergency stops [13]. It used a computer model of a person to simulate how their head moved in car crashes with different seatbelt types.



Early research on control methods for AEB systems primarily focused on time-to-collision (TTC) models [14,15,16,17,18,19,20]. These models assess the risk of collision between vehicles and other objects—such as other vehicles, pedestrians, or obstacles—by calculating the relative distance and velocity to predict the time until a collision occurs under the current conditions. A smaller TTC means a higher risk of a crash, while a larger TTC means a lower risk. However, at close distances, the TTC model can have significant errors; thus, using the inverse of the TTC can provide a more accurate risk assessment in these situations. Reference [14] presented a theory on how drivers use visual cues to control braking, highlighting that drivers depend on information related to the time to collision rather than on distance, speed, or acceleration data. Reference [15] showed that drivers’ fear of crashing is influenced by how close they are to the car in front and how quickly they are closing the gap. Reference [16] conducted a comparative analysis of evaluation indices for the assessment of drivers’ risk perception of rear-end collisions. Reference [17] presented findings from driving simulator experiments indicating that drivers’ perceptions of the lead vehicle’s closure rate are characterized by 1/TTC, irrespective of constant velocity or deceleration conditions. Reference [18] proposed a novel deceleration method for collision avoidance, incorporating a revised driver reaction time parameter. Reference [19] showed how to quickly calculate the risk of a crash using only camera images from a car. Reference [20] modeled the AEB control strategy using a hierarchical control approach. The upper controller established a time-to-collision model for the vehicle’s braking deceleration decision, determining the collision time threshold while considering comfort. The lower controller controlled the car’s speed by adjusting the gas and brakes, following instructions from the upper controller.



The design of control systems based on safety distance models is another crucial approach for AEB systems [21,22,23,24]. This method calculates an appropriate safety distance to ensure timely braking when the actual distance falls below this threshold, effectively preventing collisions. Reference [21] described a system that uses lasers to measure the distance to the car ahead and automatically brakes to avoid rear-end collisions. Reference [22] proposed an algorithm for a rear-end collision warning and avoidance system that integrates tire–road friction estimation. Reference [23] proposed a novel model that considers the realistic deceleration behavior of vehicles during emergency braking maneuvers. Reference [24] designed a hierarchical AEB control system based on the safety distance, with a high-level rule-based supervisor, an intermediate-level switching algorithm, and a low-level control module. However, both the TTC model and safety distance model can compromise comfort. To improve this, integrating the two models using a time–safety distance fusion algorithm facilitates effective coordination in both the temporal and spatial domains, enhancing the braking comfort [25]. To increase the acceptance of AEB systems, adaptive TTC models (such as those that adjust the TTC threshold based on the road conditions [26] or modify the braking intensity according to the TTC [27]), along with adaptive safety distance models [28], are utilized to simultaneously address the needs for vehicle comfort and safety. Reference [26] compared how drivers felt about a regular automatic braking system and one that adjusts for slippery roads. Reference [27] created a system that automatically brakes to avoid crashes, but it also ensures that the ride is comfortable. Reference [28] proposed an adaptive safety distance that was adjusted along the uncertain braking duration of the object vehicle, resulting in an improvement in driving comfort.



In addition to the aforementioned methods, employing emergency braking control strategies from professional drivers for automated vehicles can significantly enhance comfort during emergency braking, thereby increasing the acceptance of AEB systems [29,30,31,32]. Reference [29] introduced a collision avoidance deceleration assistance system, designed based on expert driver braking behavior models, to enable smooth and safe braking. Our research team has identified a key challenge in AEB control: determining when and how to initiate braking. We propose an AEB algorithm that integrates risk perception and professional driver braking behavior to enhance rear-end collision avoidance [30,31,32].



Furthermore, vehicle-to-vehicle communication has also been utilized to improve the emergency braking performance [33,34,35]. To tackle the challenges posed by unreliable vehicle-to-everything (V2X) communication and its impact on traffic safety, Reference [33] devised a method to evaluate the reaction time required for a vehicle to avoid a collision caused by another vehicle. Reference [34] analyzed the safety performance of emergency braking using emerging vehicle-to-vehicle (V2V) communication compared to radar-based measurements in existing automatic emergency braking systems. The findings indicated that car-to-car communication enhances the safety more effectively than relying solely on radar sensors. Reference [35] analyzed the safety in emergency braking scenarios with multiple vehicles, showing how decentralized notification messages can reduce the safe following distances.



This study’s contribution is the development of an innovative automatic braking control method that redefines collision avoidance as a trajectory planning problem. Similar to trajectory planning for lane change avoidance [36,37,38,39], this study proposes a seventh-degree polynomial-based automatic braking control method that considers various constraints at the start and end of braking. Compared to traditional TTC models and safety distance models, the proposed control method significantly enhances the braking comfort while ensuring effective collision avoidance.



The structure of this study is organized as follows. Section 2 defines the control objectives, emphasizing the simultaneous improvements in braking safety and comfort. Section 3 details the control system design. Section 4 showcases the simulation results under different scenarios. Lastly, Section 5 summarizes the study’s findings.




2. Issues to Be Addressed


This study addresses the challenge of ensuring both safety and comfort during automatic braking in intelligent vehicles. As shown in Figure 1, the leading vehicle is referred to as LV, while the following vehicle is designated as FV. This study considers three states for the front vehicle: stationary, moving at a fixed speed, and decelerating. When the trailing vehicle rapidly approaches the front vehicle without any driver intervention, the vehicle equipped with automatic braking will decelerate to avoid a collision when a danger is detected. Traditional automatic emergency braking methods, such as TTC or safety distance models, can effectively prevent collisions but often lead to abrupt changes in braking deceleration, resulting in high jerk values that compromise passenger comfort. To tackle this issue, this study proposes a seventh-degree polynomial-based automatic deceleration control method aimed at ensuring both safety and comfort during the automatic braking process.




3. Control System Design


3.1. Overall Control Framework


Figure 2 illustrates the overall framework of the control system. The intelligent vehicle employs onboard sensors to monitor its surroundings. When the inter-vehicle distance falls below the predefined safety threshold dth7, an automatic braking system is engaged, employing a seventh-degree polynomial braking profile. If the distance is within the range of dth5 to dth7, a fifth-degree polynomial profile is activated. In all other cases, maximum braking deceleration is applied. This study assumes that the vehicle cannot avoid a collision by steering and depends solely on braking for crash prevention. The predetermined buffer distance is linked to the status of the car, as explained in Section 3.2.




3.2. Automatic Braking Using a Seventh-Degree Polynomial


We assume that the vehicle’s longitudinal displacement during braking varies as shown in Equation (1). Therefore, the expressions for the velocity, acceleration, and jerk can be written as in Equations (2)–(4).


  x  ( t )  =  b 7   t 7  +  b 6   t 6  +  b 5   t 5  +  b 4   t 4  +  b 3   t 3  +  b 2   t 2  +  b 1  t +  b 0   



(1)






  v  ( t )  = 7  b 7   t 6  + 6  b 6   t 5  + 5  b 5   t 4  + 4  b 4   t 3  + 3  b 3   t 2  + 2  b 2  t +  b 1   



(2)






  a  ( t )  = 42  b 7   t 5  + 30  b 6   t 4  + 20  b 5   t 3  + 12  b 4   t 2  + 6  b 3  t + 2  b 2   



(3)






  j  ( t )  = 210  b 7   t 4  + 120  b 6   t 3  + 60  b 5   t 2  + 24  b 4  t + 6  b 3   



(4)







At the moment that braking begins, the vehicle has x(0) = 0, v(0) = v0, a(0) = 0, and j(0) = 0. Similarly, at the moment that braking ends, tf, the vehicle has x(tf) = xf, v(tf) = 0, a(tf) = 0, and j(tf) = 0. By substituting the above constraints into Equations (1)–(4), we can derive Equations (5)–(9).


    b 0  = 0   ,    b 1  =  v 0    ,    b 2  = 0   ,    b 3  = 0   



(5)






   b 4  =    5  (  7  x f  − 4  t f   v 0   )     t f 4      



(6)






   b 5  =    − 3  (  28  x f  − 15  t f   v 0   )     t f 5      



(7)






   b 6  =    2  (  35  x f  − 18  t f   v 0   )     t f 6      



(8)






   b 7  =    − 10  (  2  x f  −  t f   v 0   )     t f 7      



(9)







To ensure comfort during the braking process, the following objective function in Equation (10) must be minimized. Through calculations, the time of the vehicle’s stop, tf, can be derived as shown in Equation (11).


  J =      ∫ 0   t f     j  ( t )      2  d t  



(10)






   t f  =    7  x f    3  v 0      



(11)







The maximum braking acceleration, amax, occurs at time ta, and the stopping distances, xf, are given by Equations (12) and (13). Here, xs = v02/(2amax) represents the stopping distance at maximum deceleration. It is evident that the required minimum braking distance using a seventh-degree polynomial is approximately 1.78 times that of the stopping distance at maximum deceleration and 1.25 times that of the stopping distance using a fifth-degree polynomial.


   t a  =    14  x f    15  v 0     =   2 5    t f   



(12)






   x f  =    3888  v 0 2    4375  a  max      ≈ 1.78  x s  ≈ 1.25  x  f 5    



(13)









4. Simulation and Analysis


To validate the control algorithm proposed in this study, initial verification is conducted using a point mass model. Subsequently, a high-fidelity CarSim vehicle dynamics model is employed for further validation. This study assumes that the road friction is known, which can be obtained through estimation algorithms [40] or V2X communication.



4.1. Point Mass Model


The simulation analysis is conducted using a point mass vehicle model in the MATLAB/Simulink R2022a platform, with a starting speed of 60 km/h on a high-friction road (µ = 0.9). Figure 3 compares the simulation results of fifth-order polynomial braking and seventh-order polynomial braking. The blue solid line represents the fifth-order polynomial results, while the red dashed line represents the seventh-order polynomial results. Panels (a) to (d) of Figure 3 show the responses in terms of the braking distance, vehicle speed, deceleration, and jerk, respectively. Given the same constraints, the minimum stopping distance for the fifth-order polynomial is 21.9 m, while, for the seventh-order polynomial, it is 27.4 m. The braking times are 3.29 s and 3.84 s, respectively. The times to reach peak deceleration are 1.11 s for the fifth-order polynomial and 1.54 s for the seventh-order polynomial. The maximum jerk values are 1.85 g/s at t = 0 for the fifth-order polynomial and 0.92 g/s at t = 0.6 s for the seventh-order polynomial. In conclusion, although the seventh-order polynomial requires a 25% longer braking distance compared to the fifth-order polynomial, it significantly reduces the maximum jerk value by approximately 50%, thereby improving the vehicle braking comfort.



Figure 4 and Figure 5 display the simulation results for fifth-order and seventh-order polynomial braking on a high-friction road (µ = 0.9), under different initial speeds. Panels (a) to (d) in both figures show the responses of the braking distance, vehicle speed, acceleration, and jerk. It is evident that, as the initial speed increases, the required braking distances for both polynomial types also increase. The braking time increases proportionally with the initial speed, while the maximum jerk value decreases as the initial speed rises. Detailed performance metrics can be found in Table 1. When traveling at 90 km/h, the fifth-degree polynomial yields a braking distance of 49.4 m, a braking time of 4.93 s, and a maximum jerk of 1.23 g/s. In contrast, the seventh-degree polynomial results in a braking distance of 61.7 m, a braking time of 5.76 s, and a maximum jerk of 0.61 g/s. Under the same initial conditions, the braking distance for the seventh-degree polynomial is 25% greater compared to the fifth-order polynomial, while its maximum jerk value is reduced by approximately 50%. Figure 6 compares bar charts of the fifth-order and seventh-order polynomials, using an initial speed of 90 km/h as an example.



Figure 7 presents the simulation tests under the condition of a stationary leading vehicle, starting with a distance of 150 m between the trailing and leading vehicles, and the following vehicle travels at a starting speed of 80 km/h on a high-friction road (µ = 0.9). Figure 6a–e display the responses in terms of the distance between the two cars and the speed, acceleration, jerk, and TTC of the trailing vehicle. It is evident that the vehicle equipped with a seventh-order polynomial automatic braking control system can prevent rear-end collisions effectively, maintaining a distance of approximately 2 m between the two vehicles when the following car comes to a halt. The vehicle’s braking deceleration initially increases and then decreases, reaching peak deceleration at t = 6.5 s. The following vehicle’s speed drops to zero at around t = 9.5 s. Overall, the braking process is comfortable, with smooth jerk changes featuring both troughs and peaks, reaching −0.69 g/s and 0.51 g/s at t = 5.3 s and t = 7.8 s, respectively. The TTC reaches its minimum value of 0.84 s at t = 7.2 s.



Figure 8 illustrates the vehicle’s response on a low-friction road (µ = 0.3), maintaining the other conditions as in Figure 6. Figure 7a–e depict the responses of the inter-vehicle distance, the following vehicle’s speed, acceleration, jerk, and TTC. As observed, the vehicle successfully avoids a collision, albeit with the earlier initiation of braking. The peak braking acceleration is attained at t = 6 s. Throughout the braking process, the peak jerk reaches approximately −0.08 g at t = 2.5 s.




4.2. CarSim Model


To further confirm the efficiency of the control algorithm, a vehicle dynamics model using the CarSim software was employed for simulation testing. CarSim, developed by the Mechanical Simulation Corporation, is a mature commercial software program that is widely used in both academia and the automotive industry for vehicle dynamics simulations. The testing scenarios are according to the European New Car Assessment Programme (Euro NCAP) and include three main test conditions: car-to-car rear stationary (CCRs), car-to-car rear moving (CCRm), and car-to-car rear braking (CCRb), as detailed in Table 2. The CCRs and CCRm tests were conducted with speed increases of 5 km/h or 10 km/h within the ranges specified in Table 2. In the CCRs test condition, the leading vehicle remained stationary, while, in the CCRm scenario, the leading vehicle traveled at a speed of 20 km/h. The CCRb scenario was conducted at a constant speed of 50 km/h for both the leading and following vehicles, utilizing the combinations of 2 m/s2 and 6 m/s2 deceleration with 12 m and 40 m headway. Figure 9 illustrates the AEB testing scenario. Table 3 provides the key model parameters of the trailing vehicle.



4.2.1. CCRs


In the CCRs test condition, the front vehicle remains motionless while the rear vehicle runs at 80 km/h, with a starting distance of 60 m between the two vehicles above. Figure 10a–e depict the responses of the inter-vehicle distance, the trailing vehicle’s speed, the relative speed, the deceleration, and the TTC. The results indicate that the vehicle equipped with a seventh-degree polynomial automatic braking system effectively prevents rear-end collisions, with a gap of approximately 2.1 m from the leading vehicle. During braking, the vehicle’s deceleration changes smoothly, without the abrupt shifts typical of the TTC control algorithm, ensuring good comfort. However, due to the consideration of the suspension system’s characteristics, the vehicle’s pitch motion during braking causes fluctuations in the vertical tire loads, which in turn lead to variations in the wheel braking force, resulting in some oscillation in the longitudinal deceleration. Throughout the braking process, the minimum TTC recorded is 0.94 s, occurring at t = 2.9 s.




4.2.2. CCRm


In the CCRm test scenario, the front vehicle travels at a fixed speed of 20 km/h, while the trailing vehicle runs at 60 km/h, maintaining an initial gap of 60 m. Figure 11a–e illustrate the responses of the inter-vehicle distance, the speed of the trailing vehicle, their relative speeds, the deceleration of the front vehicle, and the time-to-collision value. The results show that the vehicle equipped with a seventh-degree polynomial automatic braking system is also effective in preventing rear-end collisions in this scenario, with a gap of approximately 2 m from the leading vehicle. The trailing vehicle reduces its speed to match that of the front vehicle at around t = 6.5 s. The trailing vehicle’s deceleration initially increases and then decreases, reaching a peak value at around t = 5.4 s. Throughout the braking process, the minimum TTC recorded is 0.75 s, occurring at t = 5.0 s.




4.2.3. CCRb


In the CCRb test scenario, both vehicles travel at a fixed speed of 50 km/h, with a starting distance of 12 m between them. At t = 0 s, the leading vehicle begins braking at a deceleration rate of 6 m/s2. Figure 12a–e show the responses of the inter-vehicle distance, the speed of the trailing vehicle, their relative speeds, the deceleration of the following vehicle, and the TTC. The test results indicate that the following vehicle can also effectively prevent a crash in this scenario, stopping approximately 2.07 m from the front vehicle. The trailing vehicle’s speed drops to zero at t = 3.5 s. Similar to the previous scenarios, the following vehicle’s deceleration first increases and then decreases, reaching a peak at t = 1.9 s. Throughout the braking process, the minimum TTC recorded is 1.06 s, occurring at t = 2.32 s.






5. Discussion


The braking system has become a vital safety feature in modern vehicles, significantly aiding in the reduction of rear-end collisions. Braking control algorithms primarily face two critical challenges: determining when to apply the brakes and optimizing the braking force. The timing of brake engagement is crucial; if the system responds too late, a collision may occur, while premature activation can cause unnecessary discomfort for passengers and potentially trigger rear-end collisions from following vehicles. Researchers are increasingly focused on integrating drivers’ risk perception into braking systems, recognizing that understanding a driver’s situational awareness can enhance decision-making processes.



The relationship between the time to collision and driver behavior is critical. Drivers perceive their distance to the vehicle ahead based on the TTC. By incorporating this perception into braking control algorithms, the system can be fine-tuned to align more closely with human intuition, resulting in smoother and more effective braking maneuvers.



A key consideration in automatic braking control is the balance between safety and comfort. While maximizing safety is essential, sudden and harsh braking can lead to discomfort and panic among passengers. Therefore, automatic braking control systems must be designed to ensure that braking actions are gradual and proportional to the perceived risk.



Existing research primarily employs time-to-collision models and safe distance models or builds upon them to enhance the control algorithms. While these algorithms can effectively prevent collisions, sudden braking can significantly impact passenger comfort. Although leveraging the braking behavior of professional drivers is an effective way to improve vehicle safety and occupant comfort, modeling and validating such behavior is a complex process. This study adopts a different control approach by transforming the automatic braking collision avoidance problem into a trajectory planning problem, offering a new perspective for braking control. The advantage of this control method lies in its ability to consider constraints both before and after braking, allowing for effective collision avoidance while simultaneously enhancing passenger comfort.



The analysis reveals that, under the same initial speed, the braking distance required by the seventh-order polynomial braking algorithm is the longest, being 1.25 times that of the fifth-order polynomial and 1.78 times that of maximum-deceleration braking. Nevertheless, the seventh-order polynomial significantly improves the braking comfort, with the peak jerk reduced by approximately 50% compared to the fifth-order polynomial. For example, when braking at an initial speed of 90 km/h on a road surface with a friction coefficient of 0.9, the seventh-order polynomial requires a braking distance of 61.7 m, a braking time of 5.76 s, and a maximum jerk of 0.61 g/s. In contrast, the fifth-order polynomial requires a braking distance of 49.4 m, a braking time of 4.93 s, and a maximum jerk of 1.23 g/s. The simulation results from both the point mass model and the CarSim dynamic model confirm the effectiveness of the seventh-order polynomial braking algorithm.



Thus, when a sufficient braking distance is available, a comfort-oriented control algorithm, such as the proposed seventh-order polynomial braking algorithm, can be employed, rather than relying on abrupt braking at close range. The proposed algorithm is not limited to emergency braking but is applicable to all braking scenarios. It offers valuable insights into scenarios where a vehicle gradually approaches an obstacle from a distance.



However, it is worth noting that, in emergency situations where obstacles appear suddenly at close range, the seventh-order polynomial may not be the optimal choice. In such cases, avoiding a collision takes precedence over comfort, necessitating the use of braking algorithms with shorter stopping distances, such as time-to-collision (TTC) control or maximum-deceleration braking.




6. Conclusions


This study proposes a vehicle automatic deceleration control method based on a seventh-degree polynomial, which balances safety and comfort during the braking procedure. The control strategy takes into account the constraints at the start and end of braking, allowing for a smooth change in deceleration, significantly enhancing the braking comfort. Compared to constant maximum-deceleration braking and fifth-degree polynomial braking, the braking distance and time of the seventh-degree polynomial method are slightly increased. Under the same initial conditions, its braking distance is approximately 1.78 times that of constant maximum-deceleration braking and 1.25 times that of fifth-degree polynomial braking. The braking time is about 2.07 times longer than that of constant maximum-deceleration braking and 1.17 times longer than that of fifth-degree polynomial braking. However, the braking comfort is markedly improved under the same initial conditions, with the maximum jerk value during braking reduced by about 50% compared to the fifth-degree polynomial method. Simulation tests using CCR scenarios also demonstrate the effectiveness of this control algorithm. The suggested control approach is expected to promote the widespread adoption of intelligent connected vehicles and autonomous driving technologies. Currently, the validation of the control algorithm is based solely on simulations; future work will involve real-vehicle testing for further verification. The impact of varying vehicle masses on control algorithms warrants further investigation. Additionally, research on control algorithms should also address complex road conditions, such as roads with uneven friction coefficients and curved roadways. Investigating the braking demands of drivers with different driving styles in control algorithms is also a valuable area of research.
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Figure 1. Schematic of test scenario. 
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Figure 2. Overall control framework. 
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Figure 3. Fifth-order polynomial vs. seventh-order polynomial (v = 60 km/h and µ = 0.9). 
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Figure 4. Results of fifth-order polynomial planning at different initial speeds (µ = 0.9). 






Figure 4. Results of fifth-order polynomial planning at different initial speeds (µ = 0.9).



[image: Algorithms 17 00545 g004]







[image: Algorithms 17 00545 g005a][image: Algorithms 17 00545 g005b] 





Figure 5. Results of seventh-order polynomial planning at different initial speeds (µ = 0.9). 
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Figure 6. Comparison of results for braking at 90 km/h initial speed (µ = 0.9). 






Figure 6. Comparison of results for braking at 90 km/h initial speed (µ = 0.9).



[image: Algorithms 17 00545 g006]







[image: Algorithms 17 00545 g007] 





Figure 7. Seventh-order polynomial responses (leading vehicle stationary, initial gap = 150 m, initial speed = 80 km/h, and µ = 0.9). 






Figure 7. Seventh-order polynomial responses (leading vehicle stationary, initial gap = 150 m, initial speed = 80 km/h, and µ = 0.9).



[image: Algorithms 17 00545 g007]







[image: Algorithms 17 00545 g008a][image: Algorithms 17 00545 g008b] 





Figure 8. Seventh-order polynomial responses (leading vehicle stationary, initial gap = 150 m, initial speed = 80 km/h, and µ = 0.3). 
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Figure 9. AEB simulation test scenario. 
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Figure 10. CCRs scenario test results (vF = 80 km/h, vL = 0 km/h, and xr = 60 m). 
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Figure 11. CCRm scenario test results (vF = 60 km/h, vL = 20 km/h, and xr = 60 m). 
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Figure 12. CCRb scenario test results (vF = 50 km/h, vL = 50 km/h, and aL = −6 m/s2). 
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Table 1. Comparison of results for braking at different initial speeds.
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Index

	
Control Method

	
Fifth-Order Polynomial

	
Seventh-Order Polynomial




	
Speed (km/h)

	
15

	
30

	
45

	
60

	
75

	
90

	
15

	
30

	
45

	
60

	
75

	
90






	
Braking distance (m)

	
1.37

	
5.49

	
12.3

	
21.9

	
34.3

	
49.4

	
1.71

	
6.86

	
15.4

	
27.4

	
42.8

	
61.7




	
Braking time (s)

	
0.82

	
1.64

	
2.46

	
3.29

	
4.11

	
4.93

	
0.96

	
1.92

	
2.88

	
3.84

	
4.8

	
5.76




	
Maximum jerk (g/s)

	
7.38

	
3.69

	
2.46

	
1.84

	
1.47

	
1.23

	
3.68

	
1.84

	
1.22

	
0.92

	
0.74

	
0.61











 





Table 2. CCR test scenario [41].
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	Type
	Scenario
	The Speed of the Front Vehicle (km/h)
	The Speed of the Following Vehicle (km/h)





	CCRs
	City and Inter-Urban
	0
	10–80



	CCRm
	Inter-Urban
	20
	30–80



	CCRb
	Inter-Urban
	50
	50










 





Table 3. The following vehicle’s main parameters.
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	Parameter
	Symbol
	Value
	Unit





	Sprung mass
	m
	1370
	kg



	Wheelbase
	L
	2.866
	m



	Height of sprung mass center of gravity (C.G.)
	hg
	0.52
	m



	Roll inertia
	Ixx
	671.3
	kg·m2



	Pitch inertia
	Iyy
	1972.8
	kg·m2



	Yaw inertia
	Izz
	2315.3
	kg·m2



	Distance from C.G. to front axle
	L1
	1.11
	m



	Distance from C.G. to rear axle
	L2
	1.756
	m



	Front suspension stiffness
	Ksf
	153,000
	N/m



	Rear suspension stiffness
	Ksr
	82,000
	N/m



	Tire type
	-
	215/55 R17
	-



	Type of brake system
	-
	Hydraulic
	-



	Road friction
	μ
	0.9
	-
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