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Abstract

:

The Non-Synchronizer Automated Mechanical Transmission (NSAMT) demonstrates a straightforward structure and cost-effectiveness; however, the primary obstacle to its widespread application lies in NSAMT shift control. The implementation of active angle alignment effectively addresses the issue of shifting quality, but achieving active angle alignment necessitates precise tracking of the planned shifting curve by the gear-shifting actuator. To tackle the control problem of accurate tracking for NSAMT shift actuators, this paper initially analyzes the structure and shift characteristics of the NSAMT. Based on this analysis, a physical model is established using Amesim, incorporating a drive motor, two-gear NSAMT, shift actuator, sleeve, and DC motor model. An extended state observer (ESO) is designed to mitigate unknown interference within the system. Furthermore, an active angle alignment control algorithm based on “zero speed difference” and “zero angle difference” for double target tracking is constructed while planning the axial motion trajectory of the sleeve. The Backstepping algorithm is employed to successfully track and regulate this planned trajectory. Finally, through Hardware-in-the-Loop testing, we validate our proposed control strategy, which demonstrates consistent results with simulation outcomes, thereby affirming its effectiveness.
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1. Introduction


The NSAMT exhibits the advantages of cost-effectiveness, high transmission efficiency, and low development expenditure, rendering it a pivotal avenue for advancing electric vehicle transmission systems [1,2,3,4,5]. Nevertheless, the AMT suffers from power interruption during gear changes and significant shift impact, which constitute its primary drawback [6,7]. The synchro-less automatic mechanical transmission structure, depicted in Figure 1, showcases a simplified design and cost-effectiveness by seamlessly integrating the motor with the AMT while eliminating components such as the clutch, synchronization ring, and friction cone.



In the examination of the AMT shift process, scholars have generally categorized it into six stages [1,8,9] and provided detailed descriptions and analyses for each stage. The conventional AMT shift control involves the engagement of the target gear by the shift actuator after the completion speed adjustment (when the difference between sleeve speed and target gear speed reaches a certain threshold). However, this method is susceptible to meshing tooth collision, as depicted in Figure 2a,b.



In the NSAMT shift process, a higher level of efficiency is achieved through the coordinated control of the shift actuator and drive motor. The drive motor exhibits rapid response and precise torque and speed adjustment capabilities [10], enabling active synchronization between the sleeve speed and target gear speed without relying on the synchronization ring and friction cone. The sleeve effectively engages the target gear for power transmission, minimizing shifting impact and reducing overall shifting time [6]. Despite its simple structure and cost-effectiveness, coordinating the control of the shift actuator and drive motor remains a significant challenge.



1.1. Survey of AMT Shift Control


The paper [11] presents the design of an extended state observer (ESO) by Shuai Wang et al., which effectively addresses the issue of unknown interference in the system. By employing the Backstepping method, they derive the final control rate to achieve accurate position tracking of the actuator. Simulation results demonstrate that this controller enables rapid response and high control accuracy, thus validating its efficacy. Y Lei et al. [2] proposed a double closed-loop PID control system based on fuzzy self-adaptation, and simulation results demonstrate that the shift actuator achieves stability within 130 ms, exhibiting fast response speed, high control accuracy, and excellent stability. In [12,13,14,15], an electromagnetic actuator is designed, and ADRC is employed to enhance the tracking accuracy of the synchronization process. The comparison between simulation and experimental results validates the effectiveness of the proposed control approach, offering a novel solution for AMT gear-shifting systems. The authors of a study (Tao P et al. [16]) developed a hierarchical pattern optimization strategy (HMOS) for AMT gear junction, wherein GEP models were established for the shift actuator and three stages to reveal the relationship between sleeve displacement and friction cone torque. At the top layer of the HMOS, a novel sliding mode predictive controller (SMPC) with constraints was proposed for making tapered torque decisions during the GEP synchronization phase. The bottom layer of the HMOS introduces an MPC-based trajectory-tracking controller, which is integrated with a load torque disturbance observer (L-DOB). Finally, the proposed control strategy was simulated and tested using HIL, successfully verifying its optimized performance in terms of longitudinal shift impact, synchronizer slip work, and thermal stress. The paper [17] proposes an optimal discrete-time control scheme for an AMT motor-driven shift actuator, which consists of state feedback, discrete integrator, and preview control. Preview feedforward control utilizes future reference signal information to proactively regulate the shift actuator, ensuring excellent position-tracking performance even in the presence of torque disturbances. Both simulation and test bench results demonstrate that the proposed preview control algorithm can achieve rapid and accurate position-tracking control without significant overshoot or steady-state errors while maintaining high-quality gear shifting. The shift control effect of an automated manual transmission (AMT) and reduction in synchronizer wear were optimized by implementing a variable parameter control method based on current feedback during the transmission bench test, as discussed in [18]. Shift tests were conducted in groups to investigate the influence of shift stroke and speed on the duration of each stage’s shifting process. The maximum force required for shifting by the synchronizer was calculated and analyzed based on the results obtained from each group. Experimental findings demonstrate that the utilization of current feedback in the variable parameter control method effectively optimizes the relationship between shift time and synchronizer wear. The paper [5] proposes a control strategy for coordinating the speed of the drive motor and the displacement of the shift motor in an integrated motor transmission (IMT) system during shifting. To achieve active speed synchronization in the IMT system, a polynomial speed trajectory is utilized to redesign the reference speed of the drive motor. In order to ensure fast and reliable tracking of sleeve position under load disturbances during shifting, a robust optimal preview controller is developed for the shift motor. Coordinated control is performed based on signals from both drive motor speed and sleeve axial position. A joint simulation using Matlab/Simulink and Amesim is conducted to demonstrate the dynamic characteristics of the IMT system throughout the entire shifting process, while a comparative simulation test showcases the effectiveness and performance of this proposed control strategy.



During the shifting process, a significant disparity in speed between the engaging sleeve and the gear ring to be engaged can result in prolonged shifting duration, substantial impact during shifting, and even failure to complete the shift. Recent research has extensively explored active angle alignment control as a means of synchronizing the speed of the sleeve with that of the target gear through coordinated regulation of the shift actuator and drive motor [19,20,21]. This approach aims to minimize shift time and mitigate impact during shifting [6,14,22]. As a result of the precise control of the engagement of the sleeve with the target gear, the teeth of the sleeve can smoothly enter the tooth groove of the gear ring without any collision, thereby achieving a shifting process characterized by minimal impact and zero tooth collision. By actively regulating the torque of the drive motor, Tian Feng et al. [19] successfully achieved dual-target-tracking control, ensuring “zero speed difference” and “zero angle difference” between the relative speed and relative angle of the sleeve and coupling gear ring. To mitigate tooth impact resulting from frequent switching between drive and brake quadrants during active synchronous control of the drive motor, an optimal torque active angle alignment algorithm was proposed to minimize quadrant switching times. Using the principle of multi-body dynamics, Zeng Yuanfan [20] developed a hybrid automaton model that accurately depicts the dynamic characteristics of the gear-shifting process. Based on each stage’s dynamic characteristics in the model, a gear-shifting control strategy incorporating speed active synchronization and angle active synchronization is devised to ensure precise synchronization between the sleeve and joint gear ring during gear shifts. The collision process between the sleeve and the target gear ring, considering tooth-side chamfering, was analyzed and simulated by Xiaotong Xu et al. [14,21]. The collision stiffness was calculated using the Monte Carlo method and equivalent depth. Based on this, a coordinated shift control method is proposed for the NSAMT. In this method, speed synchronization is performed when the speed difference between the engaging sleeve and the target meshing gear reaches a certain threshold value. Subsequently, angle synchronization is utilized to quickly align the engaging sleeve with the predicted target gear groove obtained from an active angle alignment algorithm. Simulation and bench test results demonstrate that this control method can effectively reduce shift duration and minimize maximum impact. The dynamic model of the shifting process was initially derived as a hybrid automaton (HA) model by Ziwang Lu et al. [6,22]. Subsequently, utilizing the minimum principle of Pontryagin, they solved for the time-optimal control law of synchronous speed and angle to achieve zero speed and angle difference, thereby reducing shifting time. Additionally, in order to address the issue arising from periodic changes in rotation angle difference, an optimal initial angle difference was introduced, followed by its replacement with incremental angle difference. Building upon this foundation, a model tracking strategy is proposed to enhance a system’s anti-jamming capability.




1.2. Problem Description


Active angle alignment control prevents the occurrence of gear ring collision during gear shifting and effectively mitigates the impact experienced during this process. This control mechanism fulfills the NSAMT’s requirement for swift and seamless movement of the sleeve from the neutral position to the desired gear position in gear shifting, making it highly applicable for process control in hybrid electric vehicles or pure electric vehicles equipped with the NSAMT. In the process of active angle alignment, two crucial issues are the planning of the axial motion trajectory of the sleeve and the track tracking of the gear-shifting actuator. Among them, prior to track tracking, motion trajectory planning for the gear-shifting actuator is an independent task. Most existing research on active angle alignment algorithms adopts a control method that first achieves speed synchronization and then angle synchronization. While this method enables collision-free coupling between the sleeve and target gear ring, it unavoidably prolongs tooth meshing time due to sequential speed and angle synchronization. Moreover, there is a possibility that the sleeve may exceed its original target tooth position, requiring re-alignment of teeth which not only extends tooth meshing time but also reduces success rate. The axial motion trajectory of the sleeve is meticulously planned and synchronized with the rotation angle, ensuring that speed regulation commences only after gear retreat is completed and simultaneous movement of the sleeve occurs. During speed synchronization, the teeth of the sleeve smoothly engage into the tooth groove of the target gear ring without any collision, as illustrated in Figure 3. This method of synchronously adjusting rotational speed and rotation angle not only governs the circumferential motion of the sleeve but also necessitates careful planning of its axial motion trajectory. However, this active angle alignment method for planning sleeve trajectories has been scarcely reported both domestically and internationally; nevertheless, it can be theoretically realized based on existing control methods.



In addition, accurate and real-time tracking and controlling of the gear-shifting actuator’s trajectory based on the motion trajectory of the sleeve is a crucial aspect of active angle alignment control. The process of trajectory tracking involves nonlinearities and uncertain interferences. Furthermore, considering the precision of component manufacturing and wear during operation, it is essential to account for uncertain changing parameters that cannot be ignored, thereby making the control problem more challenging. Amongst numerous studies on track-tracking control for AMT gear-shifting actuators, some focus solely on controlling fixed values for gear-shifting actuators, however, their methods are unsuitable for tracking nonlinear trajectories. In the study of nonlinear trajectory tracking, various control algorithms have been employed by different researchers, including Backstepping, LQR, active disturbance rejection control, sliding mode control, model predictive control, and others. Furthermore, the structure of the NSAMT differs from that of the traditional AMT in that the NSAMT does not require speed synchronization through friction cones and synchronization rings during shifting processes; as a result, the system states are distinct from those observed in the traditional AMT. A comparison between these two structures is presented in Figure 4.




1.3. Motivations and Innovations


According to the aforementioned analysis, achieving active angle alignment control and minimizing meshing tooth collision during gear shifting hinges on meticulously planning the movement trajectory of the sleeve. It also necessitates addressing nonlinear and uncertain interference issues in the track-tracking process of the gear-shifting actuator, as well as designing a real-time and accurate track-following control system. Therefore, it is imperative to investigate an active angle alignment control method based on trajectory planning of the gear sleeve for enhancing the NSAMT’s gear-shifting quality. This entails ensuring precise motion trajectory tracking by the gear-shifting actuator to reduce active angle alignment time effectively while eliminating any potential collisions between gears during engagement.



The contributions or innovations of this paper are summarized as follows:




	(1)

	
According to the unique structure of the NSAMT, a comprehensive analysis is conducted on the dynamic characteristics of the NSAMT during the shifting process, with a particular emphasis on the time-varying resistance characteristics in the “gear against” stage.




	(2)

	
This paper proposes an active angle alignment method based on axial trajectory planning of the sleeve, which serves as a reference for controlling tooth insert gears with improved precision and efficiency.




	(3)

	
By designing a Backstepping method based on the axial trajectory planning of the engaging sleeve, accurate tracking and control of its axial trajectory can be achieved by the shifting actuator. This facilitates collision-free engagement between the engaging sleeve and the target engaging gear ring.










1.4. Outline


The remaining sections of this article are structured as follows: The second section examines the gear-shifting actuator and establishes the Amesim (2020) model. In the third section, an axial motion trajectory for the sleeve is planned based on active angle alignment, followed by the design of precise tracking control for the NSAMT shift actuator using sleeve trajectory planning. The fourth section presents a joint simulation analysis of the proposed control strategy using Matlab/Ameism (MATLAB R2020b). Finally, HIL testing verifies the last part and draws conclusions.





2. System Modeling


The dynamic modeling of the controlled object is a prerequisite for analyzing and controlling it. During the shifting process, the NSAMT involves the respective dynamic response and interaction among the sleeve, original gear ring, and target gear ring in the transmission system. Therefore, prior to studying the NSAMT shift control algorithm, it is essential to first establish a model of the NSAMT shift system and its shifting process.



2.1. Shift Process Analysis


The key components of the NSAMT system, including the spline hub, sleeve, and engaging gear rings at each gear position, are illustrated in Figure 4. In this transmission system, the shifting process involves three main sub-processes: lifting gear, synchronizing, and hanging gear. Compared to traditional synchronizer systems with synchronous rings, the NSAMT relies primarily on precise control of the drive motor for synchronization. Additionally, for electric vehicle transmission systems like the NSAMT, the complete shift process consists of five sub-processes: torque reduction before removing the gear; shift removal; synchronization; gear hanging; and torque recovery after completing the gear. Torque reduction occurs when the system is in a specific gear position (e.g., original gear position), while synchronization takes place when it is in a neutral state, and torque recovery happens when it reaches the target gear position. Picking and hanging gears involve crucial interactions between components in both circumferential and axial directions within the NSAMT’s sleeve and target coupling gear ring for each respective gear. During the process of removing gears, as motor torque has been unloaded by then, the separation between the sleeve and original gear ring occurs smoothly without further discussion here. This paper solely focuses on analyzing the process from the neutral state to the completion of hanging gears.



In order to achieve a collision-free engagement of the engaging sleeve into the tooth groove of the target gear ring, the sleeve initiates movement from its neutral position until it successfully engages with the target engaging gear ring. During this process, the sleeve is solely subjected to axial shifting force    F s    transmitted by the shifting motor and sliding friction force    f s    between the moving parts and spline hub, as well as circumferential vehicle resistance moment    T  l o a d    . The kinetic equation of this process can be described as


       m  s l v     x ¨   s l v   =  F s  −  f s       J  o u t     θ ¨   s l v   = −  T  l o a d        J  i n     θ ¨   g r   =  i  g 0   ⋅  i  g 1   ⋅ (  T m  −  T  f g   )       θ ˙   s l v   =  ω  s l v         θ ˙   g r   =  ω  g r        



(1)




where    m  s l v     represents the sleeve’s mass;     x ¨   s l v     denotes the axial acceleration of the sleeve;     θ ¨   s l v     signifies the angular acceleration in the circular direction of the sleeve;     θ ¨   g r     indicates the angular acceleration in the circular direction of the joint gear ring;    ω  s l v     and    ω  g r     represent the speeds of the sleeve and coupling gear ring, respectively.    J  o u t     is the equivalent moment of inertia at the transmission output end.    i  g 0     is the transmission ratio between the input shaft and intermediate shaft, while    i  g 1     is the transmission ratio between the intermediate shaft and first gear.    T m    stands for motor output torque,    T  f g     represents mixing resistance within the transmission, and    J  i n     refers to the equivalent moment of inertia at the transmission input end.



The speed and angle discrepancies between the sleeve and the target gear are eliminated during active angle alignment by adjusting the position of the sleeve in terms of speed and angle. Thus, the differences in speed and angle between the sleeve and the target gear can be expressed as follows:


      Δ  ω  s l v − g r   = |  ω  s l v   −  ω  g r   |     Δ  θ  s l v − g r   = |  θ  s l v   −  θ  g r   |     Δ   ω ˙   s l v − g r   =   −  i  g 0   ⋅  i  g 1      J  i n     ⋅  T m  + Δ f     Δ   θ ˙   s l v − g r   = Δ  ω  s l v − g r        



(2)







The variable    ω  s l v     represents the speed of the sleeve, while    ω  g r     indicates the speed of the target gear.   Δ  ω  s l v − g r     represents the speed difference between the sleeve and the target gear.    θ  s l v     represents the angle of the sleeve, and    θ  g r     represents the angle of the target gear.   Δ  θ  s l v − g r     represents the angular difference between the sleeve and the target gear. Additionally,   Δ f   is defined as a constant representing system disturbance.




2.2. Shifting Motor and Shifting Actuator Model


The motion trajectory planning of the sleeve necessitates a reliable and precise actuator to achieve rapid and seamless gear meshing. Electromechanical actuators, comprising DC motors and retarders [23], have long been employed in automatic control systems. The DC motor supplies shifting power while the reducer is utilized for torque amplification and speed reduction. Despite variations in parameters among different DC motors and transmission types, their dynamic models can be standardized. Figure 5 illustrates the structure of the NSAMT actuator.



According to Kirchhoff’s law and Newton’s second law, the dynamics equation of a DC brushed motor is described as follows [24]:


       V  b a t   =  L a    d  i a    d t   +  R a   i a  +  K e    θ ˙  m       K T   i a  =  J m    θ ¨  m  +  b m    θ ˙  m  +  T L       



(3)




where    V  b a t     denotes the motor terminal voltage,    L a    denotes the armature inductance,    i a    denotes the armature current,    R a    is the motor resistance,    K e    denotes the counter electromotive force,    θ m    denotes the motor turning angle,    K T    denotes the torque coefficient,    T L    is the motor load torque,    J m    is the motor moment of inertia, and a further term    b m    is the motor damping coefficient.



There are various types of shift actuators, including ball screws, worm gears, CAM mechanisms, and more. Irrespective of the specific type employed for gear shifting, there exists a definite mathematical relationship between the torque and speed at both ends of the actuator. As depicted in Figure 5, this paper presents a kinematics model of the transmission system for the actuator.


       i 1  =    g 2     g 1         i 2  =    g 4     g 3         i s  =  i 1   i 2       θ m  =  θ s   i s       ω m  =  ω s   i s       x  s l v   =  θ s  L      T s  =  T m   i s       T s  =  F s  L      



(4)




where    g 1    represents the number of teeth of the gear connected to the motor shaft,    g 2    represents the number of teeth of the gear meshing with    g 1   ,    g 3    represents the number of teeth of the gear coaxial with    g 2   , and    g 4    represents the number of teeth of the sector gear.    i 1    represents the ratio of teeth between    g 1    and    g 2   , while    i 2    denotes the gear ratio between    g 3    and    g 4   .    θ s    represents the shift shaft angle of the shift actuator, a further term    i s    represents the total speed ratio of the two-stage reduction mechanism,    ω s    represents the shift shaft speed of the shift actuator,    X  s l v     represents the displacement of the engagement sleeve,  L  represents the length of the shift finger,    T s    represents the torque of the shift shaft, and    f  s l v     represents the thrust force on the sleeve.




2.3. System State Space


The displacement of the sleeve in this control system poses a measurement challenge; however, the known distance between the sleeve’s movement from neutral to engagement with the target gear provides valuable information. An angle sensor is installed on the intermediate shaft of the shifting actuator, enabling us to determine the rotation angle of said shaft using Formula (4). The actuator intermediate shaft angle    θ s   , angular velocity     θ ˙  s   , and angular acceleration     θ ¨  s    are the state variables;  u  is the control variable; and the intermediate shaft angle    θ s    is the output variable. Let    x 1  =  θ s   ,    x 2  =   θ ˙  s   ,    x 3  =   θ ¨  s   .


        x ˙  1  =   θ ˙  s        x ˙  2  =   θ ¨  s        x ˙  3  =   θ ⃛  s      y =  x 1       



(5)







The simultaneous Equations (3)–(5) can be derived:


   i a  =    J m    θ ¨  m  +  b m   θ m  +  T L     k T     



(6)






    d  i a    d t   =    V  b a t   −  R a   i a  −  k e    θ ˙  m     L a     



(7)







The substitution of Formula (6) into (7) yields the subsequent expression:


    d  i a    d t   =    K T   V  b a t   −  R a   J m    θ ¨  m  −  R a   b m    θ ˙  m  −  R a   T L  −  K T   K e    θ ˙  m     L a   K T     



(8)







The joint Formula (4) for the acceleration of sleeve displacement is expressed by the following equation, in accordance with Newton’s second law.


     T s   L  =    K T   i a   i s   L  = m a +  F L   



(9)







The acceleration of the sleeve is represented by  a , while the uncertain interference amount is denoted as    F L   . The derivation of Formula (9) yields the following expression:


    d a   d t   =    K T   i s    m L     d i   d t   −     F ˙  L   m   



(10)







The derivation of Formula (11) is achieved by substituting Formula (6) with Formulas (7) and (8) into Formula (10).


    d a   d t   = −    K T   i s    m L   (    K T   V  b a t   −  R a   J m    θ ¨  m  −  R a   b m    θ ˙  m  −  R a   T L  −  K T   K e    θ ˙  m     L a   K T    ) −     F ˙  L   m   



(11)







Formula (4) is substituted into Formula (11) to obtain     θ ⃛  s   :


    θ ⃛  s  = −      i s   2  (  R a   b m  +  K T   K e  )   m  L 2   L a      θ ˙  s  −    R a   J m     i s   2    m  L 2   L a      θ ¨  s  +    k T   i s    m  L 2   L a     V  b a t   − (    R a   T L   i s    m  L 2   L a    +     F ˙  L    m L   )  



(12)







From the above equation, the system state equation can be derived as shown in the following equation:


        x ˙  1  =  x 2        x ˙  2  =  x 3        x ˙  3  = a  x 2  + b  x 3  + c u + d     y =  x 1       



(13)




where   a = −      i s   2  (  R a   b m  +  K T   K e  )   m  L 2   L a     ,   b = −    R a   J m     i s   2    m  L 2   L a     ,   c =    k T   i s    m  L 2   L a     ,  d  is the disturbance of the system, and   d = − (    R a   T L   i s    m  L 2   L a    +     F ˙  L    m L   )  . Then the system state equation can be finally written as Equation (14).


       x ˙  = A x + B u + E  d ˙      y = C x      



(14)




where   A =      0   1   0   0     0   0   1   0     0   a   b    − 1      0   0   0   0       ,   B =     0     0     c     0      ,   E =     0     0     0     1      , and   C =      1   0   0   0       .





3. Controller Design


3.1. Trajectory Planning of Sleeve


Due to the absence of a unified dynamic model in the conventional AMT, it is commonly analyzed in multiple stages [13,16]. Naunheimer et al. [25] categorized this process into five stages and provided comprehensive explanations for each stage. The complete shifting process of the NSAMT system with a canceling synchronizer is accomplished through active angle alignment control and trajectory-tracking control of the shifting actuator, which can be further subdivided into three stages. In the initial stage, the Transmission Control Unit (TCU) initiates a shift instruction at the onset of gear shifting, triggering the activation of the shifting motor to position the sleeve in neutral. Subsequently, during the second stage, an active angle alignment control algorithm regulates the speed of the drive motor and governs the trajectory of both the sleeve and target gear throughout to minimize any gap between them. Once engagement occurs without collision between teeth on both components, completing a successful gear shift, we enter into a final third stage where driving torque is restored. The process of active angle alignment during shifting is visually depicted in Figure 6 and Figure 7.



The essence of this process lies in the synchronous rotation and power transmission between two rotating bodies with rotational inertia and speed, achieved through the meshing of inner and outer teeth. Specifically, it involves the transverse cutting and meshing between the inner teeth of the engaging sleeve and the outer teeth of the target gear’s engaging gear ring. By considering both the engaging sleeve and target gear ring as separate rotating bodies, full engagement is achieved when their rotating centers align and their angular speeds match. If N represents the number of teeth on both the engaging sleeve and target gear ring, joint completion can be expressed using angles.


       θ  s l v   =  θ  g r   + k   2 π  N  , k = 0 , 1 , 2 ⋯ N      θ  g r   =  θ  s l v   + k   2 π  N  , k = 0 , 1 , 2 ⋯ N      



(15)







The angle of the tooth ring to be engaged is represented by    θ  g r    . Hence, the relationship between    θ  s l v     and    θ  g r     throughout the entire process can be expressed as follows:


   θ  s l v   ( t ) =  θ  g r   ( t ) + k   2 π  N  + Δ θ ( t ) , k = 0 , ± 1 , ± 2 ⋯  



(16)




where   −  π N  ≤ Δ θ ( t ) <  π N   ; at   Δ θ ( t ) = 0  , it can be assumed that the meshing docking angle of the two rotating bodies is fully aligned.


  Δ θ ( t ) =  θ  g r   ( t ) −  θ  s l v   ( t ) − k   2 π  N  , k = 0 , ± 1 , ± 2 ⋯  



(17)







The angle difference between the internal and external gears, denoted as   Δ θ ( t )   in Equation (17), can be calculated as   2 π / N   minus half of the tooth spacing.


  Δ θ ( t ) =   mod     2 π  N    [  θ  g r   ( t ) −  θ  s l v   ( t ) ] −  π N   



(18)







The incorporation of    θ  s l v   ( t ) =    ∫ 0 t    ω  s l v   d t +  θ  s l v _ 0        and    θ  g r   ( t ) =    ∫ 0 t    ω  g r   d t +  θ  g r _ 0        into Equation (18) yields


    Δ θ ( t ) =  mod    2 π  N         ∫ 0 t    ω  s l v   d t +  θ  s l v _ 0      −    ∫ 0 t    ω  g r   d t −  θ  g r _ 0        −  π N                          =  mod    2 π  N         ∫ 0 t   Δ ω d t + Δ  θ  g 0        −  π N     



(19)







The variables    θ  s l v _ 0     and    θ  g r _ 0     respectively denote the initial angle of the sleeve and the initial angle of the target gear ring. The equation   Δ  θ  g 0   =  θ  s l v _ 0   −  θ  g r _ 0     holds, with radian as the unit.



The general relationship between the angular difference of two rotating bodies in relative motion can be expressed as the sum of   Δ θ   and k tooth spacing, where   Δ θ ( t ) + k ( t )   2 π  N   . Both   Δ θ   and k are subject to change over time. However, for a specific tooth, the angular difference between the position where the target butt gear can mesh and align is always less than half of the tooth width, i.e.,     Δ θ ( t )   ≤  π N   .



The active angle alignment of dual-target tracking is conducted with the objectives of achieving “zero speed difference” and “zero angle difference”. In this process, the relative speed and relative angle between the sleeve and the joint gear ring are considered as state variables in circumferential rotation, while the axial movement is characterized by the moving speed of the sleeve. The equation of state can be expressed as follows:


      Δ   ω ˙   s l v − g r   =   −  i  g 0   ⋅  i  g 1      J  i n     ⋅  T m  + Δ f     Δ   θ ˙   s l v − g r   = Δ  ω  s l v − g r        



(20)







The initial state set in Formula (19) for active angle alignment control in dual-target tracking is defined as   Δ  ω  g 0   =  ω  s l v _ 0   −  ω  g r _ 0     and   Δ  θ  g 0   =  θ  s l v _ 0   −  θ  g r _ 0    . The termination conditions of the system are specified as   Δ  ω  s l v − g r   (  t f  ) = 0   and   Δ  θ  s l v − g r   (  t f  ) = k ⋅ ( 2 π / N )  , with a termination time of   k = 0 , 1 , 2 , ⋯ ,  t f   . The bi-objective control is further optimized to minimize the duration of the tracking control process. The performance functional of this procedure is set to


  J =    ∫   t 0     t f     1 d t     



(21)







The optimization objectives are


     T m   *  =   arg min   J    T m  ∈   − T max   ,   T max      



(22)







During the speed synchronization process, the motor generates maximum torque to minimize the speed deviation between the sleeve and gear ring. The torque output is adjusted based on both angular and velocity deviations. The vector control technique is employed for driving motors, while the PID control mechanism regulates any discrepancies in angle or speed differences. If     Δ θ ( t )   >  π N   , positive and negative output torques are determined by rotation direction until   Δ  ω  s l v − g r     and   Δ  θ  s l v − g r     reach their respective target values.



In the active angle alignment process, once the rotational speed and angle target of circumferential rotation are determined, it becomes essential to establish the axial motion trajectory of the sleeve. Ideally, when the base tooth tip of the sleeve moves from point A to point B,   Δ ω   should decrease to 0 while   Δ θ   changes to    θ  a d j    . This process is illustrated in Figure 8. By utilizing Equations (4) and (20), we can derive variations in    δ   x  s l v      ,    δ   ω  A B      , and    δ   θ  A B       for points    x  s l v    ,   Δ ω  , and   Δ θ   within a time sampling period    T s   . Consequently, we can calculate the duration    t  A B     required for transitioning from point A to point B.


   t  A B   =    x  s l v _ B   −  x  s l v _ A      δ   x  s l v       =    H l     δ   x  s l v        



(23)







In the equation    H l  =  h  c a   + 2  h  f d    ,    h  c a     represents the distance between the teeth of the engaging gear ring when the engaging sleeve is in a neutral position.    h  f d   =    W  d o g     2 tan  β  d o g      , which signifies the axial distance between the tooth tip of the engaging gear ring and its maximum tooth width. Here,    W  d o g     refers to the maximum tooth width of the engaging gear ring, while    β  d o g     signifies the chamfer of its front tooth end face.



The axial velocity and displacement of the sleeve from points A to B can be determined by applying Formulas (4) and (23). Subsequently, the rotation angle of the intermediate shaft can be obtained based on the geometric relationship of the shifting actuator.




3.2. Design of Extended State Observer


The paper begins by constructing an extended state observer (ESO) to estimate the unknown state variables theta1 and theta2. Subsequently, the controller utilizes the observation signal provided by ESO to design a control input u using a specific control algorithm. Finally, this control input is applied to the system under control, forming a closed-loop feedback loop. The extended state observer is constructed for the purpose of system state observation. The design of the state observer is as follows:


       Z ˙  = A Z + B u +  L  o b   ( y −  y ^  )      y ^  = C Z      



(24)




where   Z =          x 1       x 2       x 3       x 4         T   ;    L  o b     denotes the observation matrix.



The observation matrix is set up using the pole configuration approach.


   L  o b   =          L 1       L 2       L 3       L 4         T   



(25)







The matrix of Equation (18) is full rank, and the system is observable according to the principle of observability.


  r a n k =     C     C A     C  A 2      C  A 3      =      1   0   0   0     0   1   0   0     0   0   1   0     0   a   b   1      ≡ 4  



(26)








3.3. Trajectory Tracker Design


The shift motor is connected to the shift fork through a reduction gear, thereby amplifying the output torque and directly driving the shift fork. Consequently, any abnormal output torque is transmitted directly to the sleeve, potentially resulting in unpredictable phenomena. Similarly, any vibration and shock generated within the transmission system will also be transmitted to the sleeve. Furthermore, due to component wear and aging, certain parameters of the shift execution structure may undergo changes that introduce uncertainties affecting shift performance; hence, careful consideration must be given to ensure controller robustness. Based on the aforementioned analysis, the feedback controller is derived through the recursive construction of the Lyapunov function for the closed-loop system. The control law is carefully selected to ensure specific performance criteria for the derivative of the Lyapunov function along the trajectory of the closed-loop system, thereby guaranteeing boundedness and convergence of said trajectory towards its equilibrium point. The chosen control law represents a solution to various problems including system stabilization, tracking, interference suppression, or their synthesis [26]. To track and regulate planned trajectories, we employed the Backstepping method and conducted a simulation analysis. The complete design architecture is illustrated in Figure 9.



The control objective of the system is to precisely track the trajectory of the changing sleeve. As previously stated, the sleeve is tightly connected to the transmission system, and its linear trajectory can be converted into the rotation angle of the intermediate shaft through Formula (4). Therefore, our focus shifts towards tracking the rotation angle of said intermediate shaft. Let     θ ^  s    represent our desired target angle for said intermediate axis, and let  e  denote any error between this target angle and its actual value. This error can be expressed as Formula (27), which we will utilize in designing a control algorithm based on track-tracking principles aimed at eliminating errors.


  e =  θ d  −  θ s  =  x  1 d   −  x 1   



(27)







The Backstepping method essentially employs Lyapunov’s second method to facilitate state feedback design for the system controller, iteratively designing each state equation of the system in order to establish a control scheme [27]. Formulas (5) and (13) demonstrate that the system is a third-order system. Following the principle of Backstepping controller design, this process needs to be divided into three steps.



First, the derivation of Equation (27) is obtained:


   e ˙  =   x ˙   1 d   −   x ˙  1  =   x ˙   1 d   −  x 2   



(28)







Step 1: Construct the Lyapunov function   V ( e )   such that   V ( e )   is positive definite and    V ˙  ( e )   is negative definite.


   V 1  =  1 2   e 2   



(29)







The derivation of Equation (29) is as follows:


    V ˙  1  = e  e ˙  = e (   x ˙   1 d   −  x 2  )  



(30)







If Equation (30) is made negative definite by making     x ˙   1 d   −  x 2  = −  λ 1  e  , where    λ 1  > 0  , then   V ˙   must be less than 0. So, for Equation (30) to be negative definite, it is necessary to make    x 2  →  x  2 d    , and then the following equation can be obtained:


   x  2 d   =   x ˙   1 d   +  λ 1  e  



(31)







Step 2: Introduce the error  δ ,


      δ =  x  2 d   −  x 2       δ ˙  =   x ˙   2 d   −   x ˙  2       



(32)







Bringing Equation (32) into Equation (30) gives


    V ˙  1  = e (   x ˙   1 d   − (  x  2 d   − δ ) )  



(33)







Substituting Equation (31) into Equation (33) yields


    V ˙  1  = −  λ 1   e 2  + e δ  



(34)







   V  2 ( e , δ )     is constructed such that    V  2 ( e , δ )     is positive definite and     V ˙   2 ( e , δ )     is negative definite.


   V  2 ( e , δ )   =  V 1  +  1 2   δ 2   



(35)







Derivation of Equation (35) gives


    V ˙  2  = −  λ 1   e 2  + δ ( e +  δ ˙  )  



(36)







Equation (32) is substituted into Equation (36).


    V ˙  2  = −  λ 1   e 2  + δ ( e +   x ˙   2 d   −  x 3  )  



(37)







If we want to make     V ˙  2    negative definite, then we can make   e +   x ˙   2 d   −  x 3  = −  λ 2  δ  , and then we can obtain


       x 3  = e +   x ˙   2 d   +  λ 2  δ                    x 3  →  x  3 d        x  3 d   = e +   x ˙   2 d   +  λ 2  δ      



(38)







In the third step, the error  η  is introduced:


      η =  x  3 d   −  x 3       η ˙  =   x ˙   3 d   −   x ˙  3       



(39)







Equation (37) fused with Equations (38) and (39) can be rewritten as the following equation:


    V ˙  2  = −  λ 1   e 2  −  λ 2   δ 2  + δ η  



(40)







   V  3 ( e , δ , η )     is constructed as follows:


   V 3  =  V 2  +  1 2   η 2   



(41)







Derivation of Equation (41) yields


    V ˙  3  =   V ˙  2  + η  η ˙  = −  λ 1   e 2  −  λ 2   δ 2  + η ( δ +  η ˙  )  



(42)







   V 3    is known to be positive definite, and if     V ˙  3    is to be negative definite, one can make   δ +  η ˙  = −  λ 3  η  , and then


  δ + (   x ˙   3 d   −   x ˙  3  ) = −  λ 3  (  x  3 d   −  x 3  )  



(43)







In Equation (43),     x ˙  3    is a function related to the control quantity u. Organizing each relation can lead to the control rate u, which satisfies Liapunov’s second method with    V 1  ,  V 2  ,  V 3    positively determined and     V ˙  1  ,   V ˙  2  ,   V ˙  3    negatively determined.


    u = [   x ⃛   1 d   + (  λ 2  +  λ 3  )   x ¨   1 d   + (  λ 2   λ 3  + 1 )   x ˙   1 d   +  λ 1   e ¨  + (  λ 1   λ 3  +  λ 1   λ 2  + 1 )  e ˙                        + (  λ 1   λ 2   λ 3  +  λ 3  +  λ 1  ) e − (  λ 2   λ 3  + a + 1 )  x 2  − (  λ 3  + b )  x 3  − d ] / c    



(44)









4. Simulation and Analysis


The control algorithm developed above utilizes Matlab/Amesim for conducting joint offline simulation, wherein Amesim constructs the model of the controlled object and Matlab builds the model for the control algorithm, as depicted in Figure 10.



The shifting process from the first gear to the second gear was established, and the trajectory planning of the engaging sleeve was simulated and analyzed. The simulation results are presented in Figure 11.



Figure 11 depicts a simulation diagram of engagement gear trajectory planning utilizing active angle alignment. As shown in Figure 11a, throughout the entire simulation process, the gear ring speed of gear 1 remains consistent with that of the engagement sleeve. Upon reaching the gear-shifting point, the engagement sleeve is disengaged from gear 1’s ring by means of the gear-shifting actuator and enters into a free movement stage before being actively controlled to engage with gear 2. This process demonstrates that the active angle alignment algorithm can be effectively applied to this system. The rotation angles of the gear rings at different gear positions and their differences with the rotation angles of the sleeve are illustrated in Figure 11b. Following the completion of the gear shift, a certain disparity is maintained between the rotation angles of the second gear ring and those of the sleeve, aligning with Formula (19). The shift change diagram of the entire shift process is depicted in Figure 11c, illustrating a total duration of approximately 350 ms. Figure 11d demonstrates the axial collision between the traditional gear and the active angle alignment, wherein the utilization of the active angle alignment algorithm for shift control effectively mitigates meshing gear collisions. The optimized drive motor torque and actual motor torque during the entire shift process are presented in Figure 11e. It can be observed from this figure that there is a strong correspondence between the actual torque and desired values, thereby validating the efficacy of drive motor control. Lastly, Figure 11f showcases the planned axial movement path of the sleeve, which is derived by converting Formula (4) into an intermediate shaft rotation angle.



The parameters of the NSAMT shift actuator are shown in Table 1.



The Backstepping algorithm is configured with    λ 1  =   80,    λ 2  =   90,    λ 3  =   12. In accordance with the shift process, a time-varying interference amount is introduced, and the control input range is set to [−12 12]. As a point of comparison, the PID algorithm is selected, and the simulation results are presented below.



The simulation results of trajectory tracking under the Backstepping algorithm, presented in Figure 12, are highly satisfactory compared to those obtained using PID control. Figure 12a includes an enlarged diagram of the simulation results at both ends and demonstrates a minimal deviation at joints for both algorithms. Figure 12b presents the control input for each algorithm, while Figure 12c displays the tracking error. Finally, Figure 12d illustrates a substantial variation during the initial and final stages in convergence speed between the two algorithms.




5. Experiment and Conclusions


5.1. HIL Test


The proposed strategy in this paper was further validated for its real-time capability and effectiveness through HIL testing conducted on the Dspace platform (ControlDesk 7.0). The HIL test setup is illustrated in Figure 13.



The controlled object model was imported to the lower computer via Ethernet, and the control algorithm simulation environment was configured with a fixed time step of 1000 Hz. The code was then compiled and downloaded to the controller. The simulation results are depicted in Figure 14.



The comparison diagram in Figure 14 illustrates the HiL test and simulation results of the Backstepping algorithm. It is evident from the diagram that although there is a slight lag in response time and minor errors at the end of the HiL test, overall, both approaches exhibit substantial similarity. Thus, it can be inferred that the real −time capability and effectiveness of the control strategy are validated through HiL testing.




5.2. Conclusions


	(1)

	
The designed active angle alignment algorithm effectively plans the motion trajectory of the sleeve, ensuring collision-free engagement between the sleeve and the target gear ring.




	(2)

	
The HIL test results align closely with the simulation results, validating the accurate control of the NSAMT gear-shifting actuator through the proposed Backstepping algorithm. This provides a valuable reference for controlling transmission gear-shifting actuators with similar structures.




	(3)

	
The control strategy constructed in this article can ensure fast gear shifting while avoiding circumferential collisions and impacts between the gear ring and the joint sleeve, reducing wear on the parts.
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Figure 1. The structure of NSAMT. 
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Figure 2. Process of bonding sleeve and target gear engagement. 
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Figure 3. Schematic diagram of active angle alignment process. 
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Figure 4. Comparison between NSAMT structure and traditional AMT structure. 
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Figure 5. NSAMT actuator structure. 
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Figure 6. Shifting process of “active angle alignment”. 
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Figure 7. Active angle alignment control logic. 
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Figure 8. Gear engagement process from point A to point B. Two different colored arrows indicate the direction of motion. 
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Figure 9. Controller design architecture. 
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Figure 10. Matlab/AMESim co-simulation model. 
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Figure 11. Trajectory-planning simulation of sleeve. (a) Gear speed during shift; (b) The speed difference between the gear and sleeve; (c) Gear state; (d) Axial impact force of teeth; (e) Motor torque; (f) Planned trajectory. 
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Figure 12. Trajectory tracking effects under different algorithms. (a) Trajectory tracking under different algorithms; (b) Voltage input under different algorithms; (c) Trajectory tracking error under different algorithms; (d) convergence speed between the two algorithms. 
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Figure 13. HiL test platform. 
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Figure 14. Comparison between HiL test and simulation of Backstepping algorithm. 
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Table 1. The parameters of the NSAMT shift actuator.
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Controller Parameters




	
Parameter

	
Parameter Symbol

	
Parameter Value






	
Power supply voltage

	
Vbat

	
12 V




	
The torque coefficient

	
KT

	
0.02 Nm/A




	
Back emf coefficient

	
Ke

	
0.12 v·s/rad




	
Electrical resistance

	
Ra

	
0.47 ohm




	
The motor inductance

	
La

	
0.0216 H




	
The moment of inertia

	
Jm

	
0.0008 kg/m2




	
Total speed ratio of reduction mechanism

	
is

	
20




	
The length of the shift fork

	
L

	
0.02 m




	
Motor damping coefficient

	
bm

	
0.005 Nm/rad
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