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Abstract

:

The dynamic behaviors of articulated buses during braking and steering processes are exceedingly complex due to the transmission of various forces and torques by the articulated device. The coupling of forces between the front and rear carriages often renders the bus prone to yaw instability under extreme operating conditions. In this paper, according to the characteristics of the structure and parameter matching of an electrically driven articulated bus, a dynamic model of longitudinal and transverse coupling applied on an articulated bus is established, and the influence of the articulated structure on the yaw stability of the drive vehicle is analyzed. Combined with the relationship between the driving motor, the hinge device, and the vehicle motion, a cruise simulation model of the bus is developed, enabling a comparative analysis and verification of vehicle stability under typical road conditions. The results offer a theoretical foundation for the design and control of highly reliable articulated buses.
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1. Introduction


Articulated buses have been widely used in urban traffic in many large- and medium-sized cities in China, favored for their expansive internal space and robust adaptability to varied pavements However, the dynamic behaviors of articulated buses during the braking and steering processes are exceedingly complex because of the articulated devices. Moreover, due to the coupling of the forces between the front and rear carriages, the articulated bus is prone to yaw instability under extreme operating conditions. Therefore, the research on the handling stability of articulated buses under complex operating conditions is the key to the high reliability and efficient control design of articulated electric buses.



In recent years, the dynamic modeling of articulated buses during the braking and steering process has attracted extensive attention from scholars. The transverse dynamics of multi-axle and multi-articulated vehicles have been analyzed, and with that, a linear planar dynamic model of an articulated vehicle came to be established [1]. The authors of [2] established a simplified model for the yaw and roll of articulated buses and corrected the key parameters of the simplified model based on the real-time state of the vehicle. In [3], Shen et al. proposed a rigid differential steering mode for articulated vehicles and analyzed the vehicle steering behavior in a composite steering mode with hydraulic steering as the main method and differential steering as the auxiliary method. The dynamic model for each subsystem of articulated loaders was established. In addition, the vehicle mechanical dynamics and steering behaviors under predetermined paths were provided in [4]. A polyhedral vehicle model considering uncertain parameters was established, and the active trailer steering behaviors of multi-trailer articulated heavy vehicles were studied [5]. Combined with the nonlinear yaw model of the articulated dump truck, Rakheja et al. [6] established the kinematic and dynamic model of the steering mechanism of the vehicle frame. In addition, the influence of the change in the effective damping applied to the steering mechanism on the response of the steering system under stable steering and pulse steering input has been researched. A dynamic model for the hydraulic steering system of articulated heavy vehicles was established, and the performance of the vehicle steering was analyzed [7]. A Jacobian linearized kinematics model of an articulated vehicle based on the geometric structure characteristics of articulated vehicles was established, and the steering motion performance of an articulated vehicle was studied [8]. A vehicle motion model considering body roll and centroid bias was established, and the effect of the centroid bias in the front and rear carriages on the vehicle handling stability was discussed [9].



To solve the problem of the braking stability of articulated buses, scholars have conducted thorough research. A verified nonlinear dynamic model of a tractor–semi-trailer was established, and the vehicle slip response under emergency braking conditions was studied [10]. Aiming at the problems of insufficient braking force, collision, and folding in the braking process of articulated vehicles, a kind of eddy current retarded axle was designed, and a braking dynamic model of an articulated vehicle was established in [11]. Based on the articulated vehicle dynamics model, the influence of the participation of the braking system on the lateral stability control was analyzed when the steering actuator performance decreased [12]. As can be observed in the studies by Nie et al. [13], the braking force variation of the articulated vehicle under different control modes was revealed according to the five-degrees-of-freedom simplified articulated vehicle dynamics model. Zhang et al. [14] took the six-axle articulated train as a research object and gave the speed characteristics of an articulated vehicle during the long downhill braking process. The yaw stability of articulated passenger cars is very important for vehicle driving safety; for this reason, in [15], Huang et al. adopted the reconfigurable method to establish a comprehensive model of the yaw dynamics of passenger cars with arbitrary axles or articulated structures. A linear three-degrees-of-freedom reference model for multi-axle wheel-driven articulated passenger cars was established, and the possible phenomena of folding, tail flick, and yaw in extreme working conditions were analyzed [16]. In [17], Yang et al. established a two-degree-of-freedom mathematical model of a multi-axle heavy-duty launch vehicle and used a co-simulation method to study the yaw motion behavior of the vehicle. A nonlinear dynamic model and a hydraulic steering system model of an articulated vehicle were established, and the handling stability of the vehicle in a detour was discussed in [18]. Another nonlinear dynamic model of a traction-semi-trailer was established, and the vehicle side-slip motion response under the limit adhesion condition was given in [19]. The studies in [20] showed the nonlinear effects of the changes in steering force caused by large steering angles, nonlinear cornering characteristics, and centrifugal effects on the vehicle lateral dynamics. Based on the dynamic behaviors of articulated vehicles in multibody simulation models with and without suspension, the serpentine stability of articulated vehicles was discussed [21]. Zhu et al. [22] evaluated the lateral stability of articulated steering vehicles based on a data-driven modeling method.



The main contributions of this study are as follows. Firstly, according to the configuration and matching characteristics of the electric articulated bus, the longitudinal and lateral coupling dynamic model of the whole vehicle is established. Secondly, combined with cruise simulation, the influence of the articulated structure on the yaw stability of driving vehicles and the change rule of influence are analyzed. Finally, through a simulation under typical road conditions, the stability of the driving bus is compared and verified.




2. External Driving Characteristics of an Articulated Bus


The determination principle for the total power requirement of an articulated bus is similar to that of a traditional bus, both of which are determined according to the power performance of the whole vehicle. Usually, the maximum power of the drive motor is determined by the highest speed, the acceleration performance index, and the maximum gradeability. The power design flow of the power system is shown in Figure 1.



The rated torque of the power system of articulated buses must meet the power performance index, which usually refers to the requirements of the maximum climbing capacity and target working conditions of the vehicle. The rated torque Te of the drive motor is proportional to the rated speed ne. The conversion relationship is expressed as follows:


   T e  = 9550    P e     n e     



(1)







This paper researches a triaxial two-axle drive articulated passenger car. The external characteristic curve of the drive motor is selected through testing, as shown in Figure 2, and the power map distribution of the drive motor is given, as shown in Figure 3.




3. Modeling of Longitudinal and Transverse Coupling Dynamics


An articulated bus is a multi-degree-of-freedom spatial motion system with a complex structure. To easily facilitate the study of the dynamic characteristics of an articulated bus, the model was simplified. Some assumptions were made as follows:




	
The front and rear carriages of the articulated bus are regarded as rigid bodies.



	
The influence of the air resistance is not considered.



	
The effect of the load transfer on the tire cornering characteristics is not considered.








The force of the articulated bus was analyzed based on the above assumptions, as shown in Figure 4. The force analysis on the roll motion of the articulated bus is shown in Figure 5.



The front and rear carriages of the articulated bus are hinged by the hinge plate, influencing each other during the driving process, making it crucial to analyze the hinged part of the articulated passenger car.



The longitudinal external force and longitudinal motion equations of the front carriage are as follows:


     m 1  (   x ˙  1  +  v  y 1    ω  r 1   ) =   − (  F  x 1   +  F  x 2   ) cos δ      − (  F  y 1   +  F  y 2   ) sin δ      −  F  x 3   −  F  x 4   +  F  x H      



(2)






     m 1      v ˙   y 1   +  v  x 1    ω  r 1     =   − (  F  x 1   +  F  x 2   ) sin δ      + (  F  y 1   +  F  y 2   ) cos δ      +  F  y 3   +  F  y 4   −  F  y H      



(3)







The lateral external force and lateral motion equation of the front carriage is given as follows:


     m 1  (   v ˙   y 1   +  v  x 1    ω  r 1   ) = − (  F  x 1   +  F  x 2   ) sin δ                               + (  F  y 1   +  F  y 2   ) cos δ +  F  y 3   +  F  y 4   −  F  y H      



(4)







The equation of the longitudinal external force and longitudinal motion of the rear carriage is described as


   m 2  (   v ˙   x 2   −  v  y 2    ω  r 2   ) = −  F  x T   +  F  − x 5    F  x 6    



(5)







The lateral external force and lateral motion equation of the rear carriage is expressed as follows:


   m 2  (   v ˙   y 2   +  v  x 2    ω  r 2   ) =  F  y T   +  F  + y 5    F  y 6    



(6)







The yaw external moment and yaw motion equation of the front carriage can be obtained as


     I  x 1     ω ˙   p 1     = (  F  x 1   −  F  x 2   ) cos δ ⋅    L 1   2  −  m 1  g  h  s 1   sin  φ 1       + (  F  x 1   −  F  x 2   ) sin δ ⋅  a 1  + (  F  x 3   −  F  x 4   ) ⋅    L 2   2       + (  F  y 1   −  F  y 2   )    L 1   2  sin δ + (  F  y 2   −  F  y 1   )  a 1  cos δ      − (  F  y 3   +  F  y 4   ) ⋅  b 1  +  F  y H   (  b 1  +  c 1  )      −  m 1   h  s 1   (   v ˙   y 1   +  v  x 1    ω  p 1   ) cos  φ 1     



(7)







The roll external torque and roll motion equation of the front compartment is designed as follows:


     I  x 1     ω ˙   p 1     = (  F  s i 1   −  F  s i 2   ) cos  φ 1  ⋅    l 1   2       + (  F  s i 1   −  F  s i 2   ) cos  φ 1  +  F  y H   (  h  c 1   −  h 3  )      −  m 1   h  s 1   (   v ˙   y 1   +  v  x 1    ω  p 1   ) cos  φ 1  −  m 1  g  h  s 1   sin  φ 1     



(8)







The yaw external moment and yaw motion equation of the rear carriage can be obtained as


   I z     2    ω ˙   r 2   = (  F  x 5   −  F  x 6   )    L 3   2  − (  F  y 5   −  F  y 6   )  b 2  −  F  y T   ⋅  a 2   



(9)







The roll external torque and roll motion equation of the rear compartment is designed as follows:


     I x     2    ω ˙   p 2     = (  F  s 31   −  F  s 32   )    l 3   2  cos  φ 2       +  F  y T   (  h  c 2   −  h 3  ) −  m 2  g  h  s 2   sin  φ 2       −  m 2   h  s 2   (   v ˙   y 2   +  v x     2   ω  p 2   ) cos  φ 2     



(10)







The relationship between the longitudinal force and the lateral force coordinate at the hinged joint can be obtained as


       F  x H   =  F  y T   sin θ −  F  x T   cos θ      F  y H   =  F  x T   sin θ −  F  y T   cos θ      



(11)




where FxH and FyH are the longitudinal hinge force and lateral hinge force of the tractor, respectively. FxT and FyT are the longitudinal hinge force and lateral hinge force of the rear carriage, respectively. θ is the hinge angle.



The velocity coupling equation at the hinged joint is


       v  x 2   =  v  x 1   cos θ −    v  y 1   −  ω  r 1      b 1  +  c 1      sin θ      v  y 2   =  v  x 1   sin θ −    v  y 1   −  ω  r 1      b 1  +  c 1      cos θ −  a 2   ω  r 2        



(12)






   θ ˙  =  ω  r 1   −  ω  r 2    



(13)








4. Typical Road Condition Simulation and Verification


Based on the longitudinal and transverse coupling dynamic model of an articulated bus, a simulation model was constructed using Cruise simulation software, as shown in Figure 6.



4.1. J-Type Road


We tested the driving condition of the whole vehicle after the driver provided a large turning angle, including wheel slip and vehicle rollover stability, etc., in which the vehicle response body posture angle, yaw angle, and roll angle are important output curves. When the whole vehicle is driven at 45 km/h, the input corner data curve is shown as follows.



In Figure 7, the driver’s steering wheel angle is rotated counterclockwise to +294° and kept for 0.25 s; then, it is rotated clockwise to −294° and kept for 2.5 s, and the steering wheel is reset. Finally, the steering wheel angle is kept unchanged. This operation simulated the turning condition of the bus on a narrow road, and the vehicle data are obtained as shown in Figure 8.



After the steering wheel angle is entered by the driver, the first reaction is the front carriage. The front carriage produces the yaw angle and drives the rear carriage to turn. The sequence is fixed; the yaw angle of the front carriage is larger than that of the rear carriage, and the change in the yaw angle at the end of the turn also follows the above law.



Figure 9 shows the cornering angle curve of the vehicle. Since the steering of the vehicle in the driving process will cause the centroid deflection, the sideslip angle is reflected on the car body. The appearance of the sideslip angle of the front carriage is earlier than that of the rear carriage. In addition, the sideslip angle of the front carriage at the wave peak is larger. At 4.5 s, the sideslip angle of the rear carriage is larger than that of the front carriage. The roll angle requires that the roll angle of the car body be less than 3°, since the roll angle is related to the lateral acceleration when the bus drives at a constant circle speed with a centripetal acceleration of 0.4 g. Generally speaking, the roll angle of the car body is measured by the roll gradient. Usually, the lateral angle of the vehicle is kept within 2.5°. In summary, the articulated bus mentioned in this report meets the requirements of the national standard.



Figure 10 shows the driving path of the whole vehicle; the blue curve is the path of the front carriage, and the red dotted line represents the driving path of the rear carriage. The curves of the front and rear carriages are smooth when turning, and there is no tail flick phenomenon.




4.2. Ring Road


This simulation mainly analyzed the dynamic performance and braking performance of the bus during turning. The initial setting was in a ring road with a diameter of 305 m, and the vehicle speed was set at 60 km/h, which reached the maximum speed of the bus after 20 s of a static start, and then braked. The speed conditions are shown in Figure 11.



In Figure 11, the target speed curve basically coincides with the actual speed curve. There is a speed peak when the vehicle is accelerated to the highest speed, and then the speed converges to 60 km/h. The speed cannot reach a normal level in driving conditions, and the reason is related to the simulation path. When the bus runs on a circular road, the front carriage can be steered because the front wheels are steering wheels, but the steering of the rear carriage can only rely on the traction of the front carriage. Therefore, the driving force direction of the rear carriage should be on the tangent of the driving path during the driving process. There will be a small fluctuation in the speed of the whole vehicle, which is within 0.1 km/h and has little impact on the actual operation of the whole vehicle. The vehicle can reach the maximum speed in about 20 s on the ring road, and the power system of the whole vehicle is also verified. Its engine can meet the requirements of whole vehicle performance.



Figure 12 shows the path tracking diagram in the simulation. The red curve is the movement track of the front carriage, and the blue dotted line represents the movement track of the rear carriage. Over the whole driving process, because the front carriage is affected by the driving force of the rear carriage, the front carriage generates a yaw moment. As the whole path is circular, the yaw moment always exists, resulting in the overall steering curve not fully fitting the target curve, and oversteering is produced. In the follow-up study, the output driving force of the rear compartment can be appropriately reduced when the vehicle turns, which makes the rear compartment produce tension on the hinged disc to achieve the understeer characteristic.




4.3. Sinusoidal Oscillation Working Condition


Aiming at the influence of the steering wheel jitter on the vehicle driving at high speed, the handling stability of the middle range of the steering wheel rotation angle is the handling stability of the bus at high speed under the condition of a small steering angle and low frequency sine input. The steering radius is a physical parameter to evaluate the flexibility of passenger cars. The steering wheel angle input of a bus driving on a sine curve is a sine oscillation curve; so, when the vehicle speed is kept at 60 km/h, the low amplitude oscillation curve of the steering wheel is shown in Figure 13.



Figure 13 shows the sinusoidal oscillation curve, which is input by the steering wheel. At the beginning, the steering wheel is rotated 20° counterclockwise; then, it is rotated clockwise −15°, and then it is rotated +10° counterclockwise. It is worth noting that the peak value of the steering wheel angle input decreases sequentially. As a large counterclockwise rotation angle is produced at the initial stage of the test, the car body is not aligned by the subsequent steering; so, the vehicle path will deviate to the left. The acceleration curve is shown in Figure 14.



Figure 14 shows that the overall transverse acceleration is above zero and gradually tends to a fixed value, which is related to the driving force of the rear carriage. Because the passenger car is turned to the left, and the yaw amplitude is small, the driving force of the rear carriage cannot be fitted to the driving path curve after the front carriage is turned, resulting in a phenomenon that transverse acceleration always exists. The path tracking of the bus is shown in Figure 15.



Based on the above simulation curve, it can be seen that the bus route does not shake because of the initial large steering; namely, the small steering wheel oscillation has little effect on the driving state of the whole vehicle, and the bus is still driven in the original direction. However, due to the influence of the driving force, the steering wheel jitter of the bus in the turning state will not make the transverse acceleration become 0, but it will gradually tend to a small fixed value.





5. Conclusions


	
In this paper, according to the characteristics of the structure and parameter matching of the electric drive articulated bus, the parameters of the external characteristics of the vehicle were analyzed. Combined with the external characteristics of the drive motor system and the power map distribution, the longitudinal and lateral coupling dynamic model of the articulated bus was established, and the longitudinal and lateral coupling dynamic behaviors of the vehicle were analyzed.



	
Combined with the relationship among the driving motor, the hinged device, and the vehicle motion, the simulation model of the electric drive articulated bus was established on the Cruise platform, and the driving stability of the vehicle under typical road conditions was simulated and comparatively analyzed. The analysis of the results verified that the designed articulated bus is in a relatively stable state during the braking process. In addition, the longitudinal and transverse velocities and sideslip angles of the articulated bus are in line with the bus design specifications under the working conditions of J-type road, ring road, and sinusoidal oscillation. The results provide effective theoretical and technical support for the high-reliability design and control of articulated buses.
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Figure 1. Design process of the power system of articulated buses. 
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Figure 2. The external characteristic curve of the drive motor. 
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Figure 3. Power map distribution of drive motor. 
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Figure 4. Longitudinal and transverse force analysis of articulated bus. 
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Figure 5. Force analysis diagram of roll motion. 
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Figure 6. Cruise simulation model diagram. 
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Figure 7. Driver input steering angle. 
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Figure 8. Yaw angle variation curve and the target curve. 
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Figure 9. Cornering angle curve of front and rear compartments. 
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Figure 10. Vehicle driving path tracking map. 
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Figure 11. Vehicle target speed versus actual speed curve. 
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Figure 12. Tracking diagram of bus trajectory. 
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Figure 13. Steering wheel angle curve. 
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Figure 14. Transverse acceleration curve. 
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Figure 15. Vehicle path tracking map. 
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