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Abstract

:

The multi-operation scenes of extended-range concrete mixer trucks are complex and variable, and the operation mode switching process remains a challenge that involves coordinating the torque of the clutch, engine, and integrated starter generator. An unsuitable strategy will undermine the stability of the concrete mixing cylinder and shorten the service life of the clutch. This work studies the clutch control strategy based on fuzzy control theory and coordinates the torque during the mode-switching process. The improved engine control strategy is utilized to reduce friction work and energy consumption of the integrated starter generator used to compensate torque. This control strategy is verified by simulation and experiment. The results show that it can significantly decrease the torque fluctuation by 94.3%, and also reduce friction work by 20.7% compared with the conventional engine target speed ignition strategy, which substantially improves the mode switching process and prolongs the service life of the system.
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1. Introduction


As a special purpose heavy-duty commercial vehicle, the operation conditions of concrete mixer trucks are complex and variable [1,2], characterized by long waiting times for material, frequent starts and stops, and low demand speed during normal operations [3,4]. In urban conditions, power demand changes more frequently [5], and vehicles that are directly driven by internal combustion engines (ICEs) have the problem of inefficiency most of the time [6]. By adding an auxiliary power unit (APU), the engine could work in the efficient range and reduce exhaust emissions [7,8], which is an energy-saving and emission-reducing solution under existing technical conditions.



For extended-range concrete mixer trucks, control of the range-extender and switching of the power source for the concrete mixing cylinder can be realized by controlling the action of the clutch [9], which leads to better economy and lower emissions. Compared with the normal range-extender system, the control strategy of this system is more complicated because of the numerous operating modes. Therefore, developing a suitable control strategy for the APU clutch and solving the smoothness of power transmission during dynamic mode switching are the key points and difficulties of research [10].



The mode-switching process of hybrid vehicles generally takes advantage of the fast torque response of the motor [11] to compensate for friction torque generated by the clutch engagement process and the torque deviation of the engine before it reaches a steady state. In the process of mode switching, torque variation of the clutch and engine are both nonlinear due to the complexity of the system, and it is difficult to predict output torque [12,13]. How to coordinate the torque of the clutch, engine, and integrated starter generator (ISG) to achieve stable operation of the system is the key to mode switching [14]. Researchers have conducted relevant studies on the APU clutch control strategy in recent years.



Hybrid vehicles are prone to torque fluctuation during the operating mode switching process which will affect the comfort and economy of the vehicle. A. Smith et al. [15] proposed a strategy that controls the clutch pressure and compensates the friction torque through the motor to make the engine start quickly. Song M. et al. [16] investigated a hybrid vehicle without ISG where the engine is started by the friction torque of the clutch and the friction torque is compensated by a motor. In Ref. [17], a mode-switching control strategy was proposed, based on a fuzzy algorithm, and the results show the performance of mode-switching is improved. J. OH et al. [18] concluded that accurate compensation of clutch torque is the key to improving the control effect. The idle torque of the engine was compensated by a motor.



Tang et al. [19] proposed a dual-motor torque-coordinated control method to reduce the torque fluctuation of the hybrid powertrain during engine start-stop. The results of the simulation validation show that the proposed strategy can limit the longitudinal acceleration of the vehicle to 0.4 m/s2. In Ref. [20], a hybrid powertrain model considering nonlinear perturbations is established and a disturbance observer based on a sliding mode control strategy was proposed, which can effectively reduce the disturbance. Xu et al. [21] developed a strategy based on dynamic programming and globally optimal control, with the energy consumption during mode switching as the objective function. Chen et al. [22] divided the process of clutch engagement into five stages and analyzed the dynamics model of different stages. They constructed a torque coordination method based on adaptive control, which effectively reduces torque fluctuations during the mode-switching process.



Experimental investigation can more effectively verify the control efficiency of the proposed method under the corresponding powertrain. Hui et al. [23] designed a test bench platform for hybrid vehicles, and the proposed test bench can realize switching between series and parallel modes. Chasse et al. [24] verified the control strategy for hybrid powertrains using a semi-physical test platform which showed good consistency with the simulation results. In Ref. [25] a new hybrid system equipped with a torque-limiting clutch was proposed. The initial engagement pressure of the clutch and the sliding pressure are controlled to ensure the mode-switching process is stable, which is validated by simulation and experiments. Vafaeipour et al. [26] proposed a novel topology equipped with an electrical variable transmission for hybrid vehicles and validated the proposed power split control strategy using hardware-in-the-loop experiments. Song et al. [27] developed a motor torque compensation strategy based on active multi-objective real-time vibration control and validated it based on an experimental platform.



The main purpose of this study is to reduce clutch friction work and fluctuation of speed and torque to improve the smoothness of the power output. At the same time, torque coordination is studied. The relevant control strategies substantially improve the mode-switching process.



The structure of this paper is as follows: Section 2 introduces the powertrain of the extended-range concrete mixer truck, and analyzes its common operation modes; the mode switching strategy is investigated which includes the APU clutch control strategy and the torque coordination control strategy; the APU mode switching control strategy for both clutch engagement and disengagement processes. Section 3 compares the effects of different strategies through simulation, and builds the experiment platform to verify the mode switching control strategy. Conclusions are presented in Section 4.




2. Materials and Methods


2.1. The Powertrain of Extended-Range Concrete Mixer Trucks


2.1.1. Structure of the Powertrain


This work researches the control strategy of the operating mode-switching process for an extended-range concrete mixer. This paper investigates an 8 m3 extended-range concrete mixer truck, with the structure of the powertrain shown in Figure 1 [2]. The powertrain of the concrete mixer truck mainly includes an APU, mixing drum, battery pack, drive motor, drive axle, and wheels. The APU is an extremely important part of the extended-range hybrid powertrain. The control system of the powertrain includes a vehicle control unit (VCU), clutch control unit (CCU), integrated starter generator control unit (GCU), motor control unit (MCU), transmission control unit (TCU), and battery management system (BMS). The rationality of the selection and parameter matching of main components affects the dynamics and economy of the vehicle. It can make the engine and ISG work in the high-efficiency range through parameter matching. Table 1 shows the basic parameters for the powertrain of the concrete mixer truck.



The control system of the extended-range concrete mixer truck is presented in Figure 2. Information, such as driving conditions and driver’s manipulation intentions, are transmitted to the VCU through on-board components and then to the auxiliary power control unit (APCU). The control strategy developed by the APCU is sent to the executive layer. After the executive layer receives the signal, the state of the system is judged. Then, the command is executed if there are no errors. The execution result is fed back to the VCU to complete the closed-loop control. The feedback signals include the gear position, the torque and speed of the engine, ISG and motor, the engagement status of the clutch, and the state of charge of the battery.




2.1.2. Operating Mode of the APU Powertrain


The mode-switching process of the target vehicle can be categorized based on the operation of the APU. Pure electric mode is generally applied when the power demand is less than the rated power of the motor, the engine does not operate, and the ISG provides the power required by the mixing drum. When the state of charge (SOC) of the battery is low and the demand power exceeds the maximum power that the motor can provide, the system switches to the combined drive mode. The APU clutch engages and the engine is started, the ISG enters the generator state, and the concrete mixer receives the required power from the engine. If the battery is severely depleted and the power demand is less than the rated power of the motor, the system automatically switches to the range extender drive mode, and the APU starts operating and provides the required power. The operating status of the engine, ISG, and clutch is similar to that of the combined drive mode.





2.2. Control Strategy for Mode Switching Process


The process of mode switching involves control of the clutch, engine, and ISG. Related control strategies are investigated to reduce torque fluctuations and ensure the stability of the mode-switching process.



2.2.1. APU Clutch Control Strategy


It is necessary to comprehensively consider the change of accelerator pedal and power demand of the APU when starting the engine. The control principle is distinctly nonlinear, and the process is complex. Developing an accurate mathematical model for precise expression is too complex and difficult to implement in practice. Therefore, fuzzy control is adopted [28]. The design of the fuzzy controller is shown in Figure 3, which involves fuzzification of input, establishment of an expert knowledge base, formulation of fuzzy inference rules, and clarification of output [29,30].



The engagement process of the APU clutch mainly occurs when the engine is being dragged. Control of the engagement speed is a key aspect of clutch control, which requires a comprehensive consideration of the engagement intention and the speed deviation between the engine and ISG.



Clutch engagement intention can be judged by accelerator pedal stroke σ and its change rate     σ  ˙   , also called driving intention. If the driver steps on the pedal deep and fast, indicating that the driver wants the APU to connect to the powertrain quickly, the control strategy should focus on dynamics and the engagement speed is fast. Conversely, smoothness is the priority. In the fuzzy controller, the selection of the definition domain and discourse domain and the fuzzification of the input should be considered first. The discourse domain of the accelerator pedal opening is set to {0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12}, and the fuzzy subset is defined as {S (smaller), RS (small), M (medium), RB (large), B (larger)} 5 levels. Compared with trigonometric and trapezoidal functions, Gaussian functions can provide smoother transitions [31]. The membership function adopts the Gaussian function to ensure the smoothness for control of the pedal. The fuzzification process of the accelerator pedal stroke change rate     σ  ˙    is similar to σ. To simplify the fuzzy process, the discourse domain of the driver’s clutch engagement intention is set to {0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12}, and the fuzzy subsets are defined as {XS (very slow), S (slow), M (medium), B (fast), XB (very fast)} 5 levels. In order to ensure rapid judgment, a triangular function is used as the membership function since it provides the best drive performance compared to other functions [32,33]. The Mamdani method is used for fuzzy inference and Centriod is used for defuzzification [34].



The clutch engagement speed is judged by clutch engagement intention and degree during the engine start process. The degree is quantified by the absolute value of the speed difference   | Δ ω |   between engine speed     ω   e     and ISG speed     ω   g    . If the speed difference is large enough, the engagement speed should be smaller to avoid torque fluctuation. The domain of discourse of   | Δ ω |   is set to {0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12} 13 intervals, the fuzzy subset is set as {XS, S, MS (slightly slow), M, MB (slightly fast), B, XB} 7 levels. The speed     n   z     of the motor that controls the clutch is used as the output of the fuzzy controller, its discourse domain is set to {0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12}, and the fuzzy subset is set to {XS, S, MS, M, MB, B, XB} 7 levels. In order to ensure a fast response, trapezoidal and triangular functions are used as membership functions.



According to the corresponding fuzzy subsets and expert experience, the surface of the fuzzy control is illustrated in Figure 4.



The clutch release bearing engagement speed     v   c     is obtained by converting the product of the speed     n   z     of the motor that controls the clutch and the actuator amplification factor     k   z    . By integrating the speed     v   c    , the increment   Δ x   of release bearing stroke is obtained, and then the initial stroke     x   s     is added to obtain clutch release bearing stroke   x  . The equations are as follows:


          v   c   =   k   z   ·   n   z         Δ x =  ∫    v   c    d t          x = Δ x +   x   s          



(1)








2.2.2. Torque Coordination Control Strategy


The target truck requires a stable output speed, and the output torque is larger than the demand to ensure the concrete mixer drum works stably at a uniform speed. However, there is a sudden change in torque during the mode-switching process. The torque     T   c     transmitted by the clutch and engine torque deviation between current and target will lead to a disturbance in the APU output, which will result in the fluctuation of the system and even affect the quality of the carried concrete. ISG is used to compensate for this; the control strategy is presented in Figure 5.



During the process of the clutch-driven engine, the torque transmitted by the clutch varies with the stroke of the release bearing. If a compensation strategy is not performed, torque fluctuation will be violent, which will affect the stability of the system.



In the torque adjustment stage, the difference between the engine current and target torque is compensated by the fast response of the ISG before reaching steady-state torque. In this process, the throttle opening of the engine is controlled, and its maximum change rate is set, the variation of engine torque is obtained by integrating it, so as to realize ISG torque compensation. This process is approximately regarded as a quasi-static process, which can make the torque estimation results more reliable.



The engine control strategy can be divided into speed control and torque control, which can suit the need for different mode switching. The control strategy is shown in Figure 6.



Engine speed adjustment is accomplished through throttle opening control. In order to reduce the time of the active speed adjustment process, PID [35,36] control is used. In this stage, engine speed needs to increase rapidly to near the motor speed. If the speed difference decreases to 50 rpm, the clutch is quickly engaged. Since the torque required to keep clutch engagement is small, it can effectively avoid shock. Because the speed is just kept within a certain range without precise synchronization, only PI control is needed, as differential adjustment (D control) is not required to eliminate steady-state deviation.



After the engine’s active speed regulation ends and the clutch is locked, the engine works in a torque control state, and the torque is compensated by the ISG. Torque prediction is difficult because it is non-linear. The throttle opening change rate Δα is limited; by integrating it and superimposing it with the initial value, the estimated throttle opening value can be obtained. The engine speed     ω   e     is matched to the fuel consumption map of the engine to obtain the estimated value of current torque. To track to target torque quickly, the output of PID control is Δα, which can guarantee smoothness while ensuring the continuity rise of torque. The formula for the throttle opening change rate is as follows:


    Δ α   = m i n     Δ   α   m a x     ,     k   p   ⋅  e +    k   i    ∫   e ⋅ d t +   k   d   ⋅   e  ˙       



(2)






    T   d e v   =   T    e _ r e q    −   T    e _ n     



(3)




where     T   d e v     is torque deviation;     T    e _ r e q      is engine target torque;     T    e _ n      is engine real-time torque; and     k   p   ,   k   i   ,   k   d     are the proportional, integral, and differential gain coefficients.





2.3. APU Mode Switching Control Strategy


In the mode-switching process, a reasonable control strategy is formulated to ensure the stability of the output and reduce clutch wear and torque fluctuation. The control strategy is shown in Figure 7.



2.3.1. Mode Switching with Clutch Engagement


During the mode-switching process with clutch engagement, torque deviation can impact the smoothness of the system’s output. It is essential to minimize this deviation. The main factors that influence this deviation are the start point of the engine, the ignition moment, and the clutch’s locked moment.



There are two methods usually adopted to start engines, which are idle ignition and target speed ignition. During idle ignition, there is a sudden change in clutch torque,      Δ T    c    . In target speed ignition, the engine is dragged by the clutch to the target speed of the motor. Then, after the clutch is engaged, it ignites. While      Δ T    c     is smaller in this process, it is still a resistance torque for the engine which can affect the engine’s service life.



Different from the traditional engine idle ignition method, due to the existence of the ISG, the engine is dragged to reach the idle point quickly. Before the engine is ignited, the ISG is in a generator state to provide energy. The mode switching process begins as the clutch starts to engage, then the engine is dragged by the clutch and quickly reaches the idle point for ignition. Subsequently, the engine is then dragged to the target speed by its own output torque     T   e     and the friction torque     T   c     transmitted by the clutch. When the speed difference is less than 50 rpm, the speed is considered to be synchronized, and the clutch is engaged and locked quickly. A clutch in this system can retreat to the critical position between the disengagement and engagement states when the engine is at the idle point. At this time, the clutch does not transmit torque and the engine is decoupled from the ISG, so the improved ignition method can avoid ignition vibration and friction work, prolong the service life of the clutch, and reduce the compensation energy of the ISG. Then, the engine is ignited and regulates its speed. If speed fluctuates within the threshold, the clutch is engaged and locked quickly, and the torque used to keep the clutch engaged is small, hence the sudden change of clutch friction torque     Δ T   c     is also extremely small. The improved engine idle ignition method not only eliminates the engine starter but also improves the success percentage of the engine starting process.



The proposed engine control strategy can improve the mode-switching process effectively. Comparatively, the improved engine idle ignition method mainly benefits the process of engine access, which reduces wear and tear on the clutch. Meanwhile, the engine self-adjustment strategy plays an important role throughout the mode-switching process to improve the smoothness of the system output torque and reduce unnecessary energy consumption.



In summary, the strategy of “improved engine idle ignition + clutch disengaged and re-engaged” is selected for the clutch engagement process. The control strategy is presented in Figure 8.



Stage 1: The clutch is disengaged, and the ISG is in the generator state to provide energy; its torque Tg equals the demanded Tq.



Stage 2: The clutch starts to engage, the clutch eliminates the empty stroke and offsets the resistance torque of the engine starting, and the ISG compensates for the friction torque.



Stage 3: Clutch friction torque increases and the engine speed starts to rise. There is a sudden change in torque which could generate shocks. It is necessary to control the engagement speed to ensure it changes within a feasible region.



Stage 4: Engine speed reaches 800 rpm and ignites. To avoid impact, the clutch returns to a critical state between disengaged and slipped, and the ISG no longer compensates torque. The engine starts and regulates its speed. The clutch remains locked and requires minimal torque; the sudden change of torque is extremely small and will not affect the output of the powertrain.



Stage 5: The clutch is locked and no longer transmits torque. The engine torque is estimated through the throttle opening change rate, and the ISG compensates the engine torque to reduce the torque deviation. The power output of the system can be expressed as:



Torque coordination stage:


          T    e _ n    =   T   e   +  ∫    k    e _ u p     d t          e =   T    e _ r e q    -   T    e _ n            T    g _ n    =   T    g _ r e q    + e        



(4)







Mode switch completion stage:


        | e | ≤ δ ·   T    e _ r e q            T   g   =   T    g _ r e q            T   e   =   T    e _ r e q           



(5)








2.3.2. Clutch Disengagement Mode Switching Control Strategy


The stability of the torque needs to be considered when the clutch is disengaged. If the exit is too fast and the engine torque has not dropped yet but the load has disappeared, this will lead to a rapid increase in engine speed. If it is slow, the engine turns to a load, and the ISG torque changes quickly, which will cause fluctuations. Hence, a torque coordination strategy is adopted. Figure 9 shows this process.



Stage 1: The APU is still in the combined drive stage, the clutch is engaged, and the engine is used as the power source.



Stage 2: The APU enters the torque coordination stage. The engine controls the torque by limiting the throttle opening change rate, and the ISG compensates the torque. The engine torque change rate is controlled to keep torque variation in the feasible domain. The output of the system is shown in Equation (6):


        e =   T    e _ r e q    -   T    e _ n            T    e _ n    =   T   e   +  ∫    k    e _ d o w n     d t            T    g _ n    =   e   i   +   T   g          



(6)







Stage 3: Engine torque is within a certain range, the ISG torque reaches target torque, the clutch starts to disengage, and then mode-switching ends. The power output can be expressed as:


          T    e _ n    ≤ δ ·   T   e           T   e   =   T    e _ r e q    = 0         T   g   =   T    g _ r e q    =   T   q          



(7)










3. Results and Discussion


In actual working conditions, smoothness, dynamic, and service life need to be considered. Hence, in the mode-switching process, power transmission should ensure stability and reduce shock and vibration. The process is evaluated by friction work, mode switching time, and maximum torque deviation.



3.1. Simulation Verification


The target extended-range vehicle will frequently switch modes to meet the needs of different working conditions. The VCU will send an engine start signal and a clutch engagement signal while the APU needs to be connected to the powertrain. Firstly, it is necessary to determine the clutch state, and then engage the clutch to drag the engine to ignition speed. The simulation analysis is conducted by switching from pure electric mode to combined drive mode.



The results of the engine target speed start process are illustrated in Figure 10. The clutch starts to engage at 0.27 s, then the clutch locks up and the engine ignites at 0.88 s, then the system enters the torque coordination stage. The engine and ISG reach the target torque at 1.09 s, and the mode-switching process ends. The entire process ends in 0.82 s, less than 1 s, and produces a total of 24,051.6 J of friction work; the maximum torque mutation is 391.3 N·m. Figure 11 shows the engine idle start process of “clutch fuzzy control + disengagement + re-engagement”. The clutch starts to engage at 0.27 s. At 0.59 s, the clutch quickly disengages and then the engine injects oil. The clutch retreats to the critical position between the disengagement and engagement state, the engine ignites at 0.68 s, and then the clutch locks up at 0.97 s. The engine and ISG reach the target torque at 1.2 s, and the mode-switching process ends. The entire mode-switching process lasts 0.94 s. The maximum torque deviation from the target during the process is 23.1 N·m, and generates 19,068.4 J of friction work.



During the initial phase of mode switching, the engine torque is negative. This is because the engine is being dragged by the clutch, acting as a drag on the system. The ISG compensates for the friction torque transmitted by the clutch during the engine start process. Once the mode-switching process is complete, the power requirements are met by the engine, while the ISG operates in generator mode with negative torque.



Table 2 shows a comparison of different control strategies. The improved engine idle start strategy is slightly weaker in terms of dynamics. However, the friction work generated during the idle start strategy is reduced by 20.7% compared with the target speed start strategy. At the same time, its maximum torque deviation is only 23.1 N·m, which is greatly reduced.



The APU exits the powertrain when other modes are switched to pure electric. The most complex process of switching from combined drive to pure electric mode is selected for analysis. The results of the clutch disengagement process without torque coordination are illustrated in Figure 12. At 0.3 s, the VCU sends a mode-switching signal. The ISG and engine reach the target torque at 0.35 s and 0.39 s, respectively. At 0.43 s, the engine speed drops to 0, then the clutch disengages and the engine turns off at 0.48 s, and the mode switching process ends. The process completes in 0.18 s, and the maximum torque deviation is 348.2 N·m. Figure 13 shows the results with coordination control. At 0.3 s, the VCU sends a mode-switching signal. The ISG and engine enter the torque coordination stage, then the clutch starts at 0.55 s, the engine turns off at 0.63 s, and the mode-switching process ends. The entire process completes in 0.33 s, and the maximum torque deviation is 19.8 N·m.



A comparison of the simulation results of different strategies is shown in Table 3. Both control strategies can complete the mode switching within the specified time. However, the speed deviation and the maximum torque deviation of the torque coordination strategy are 2 rpm and 19.8 N·m, which are much lower than the uncoordinated control strategy, and the maximum torque deviation is reduced by 94.3%. It makes the output speed and torque stable, which effectively increases the smoothness of the power transmission.



Table 4 summarizes the key characteristics of different mode-switching control strategies. All these methods can effectively accomplish the mode-switching process of the hybrid powertrain, which can complete the mode-switching process in a short period of time and significantly reduce the fluctuation. The rule-based and torque coordination control strategy [25] requires the shortest mode-switching time. In contrast, the control strategy proposed in this research can reduce the speed and torque deviation more effectively.




3.2. Experiment for Mode Switching Control Strategy


Figure 14 shows the experiment platform. The power source adopts a physical engine and ISG, while the load of the concrete mixing drum is emulated by the electric load, and the torque fluctuation of the output can be measured by collecting the torque signal. In the experiment, the signal acquisition frequency is 100 Hz, the engine and ISG speeds are sampled with a resolution of 1 rpm, and the resolution for torque is 0.1 N·m.



When switching from pure electric mode to combined drive mode. Firstly, the system is stabilized in pure electric mode. Then, the VCU sends the pure electric mode start command to the GCU through the APCU. The APCU sends the clutch release command to the CCU. The ISG works in the motor state, and the electric load adopts a constant torque of 250 N·m to emulate the load of the concrete mixing drum. After the speed is stable, the ISG is switched to the torque control mode and the completion signal feeds back to the VCU.



The engine idle start control strategy is used to switch to the combined drive mode. The VCU sends a mode-switching signal and the clutch starts to engage at 0.22 s. At 0.6 s, the engine speed reaches 800 rpm. At 0.7 s, the clutch does not transmit torque, and the engine ignites and enters the speed adjustment state. The engine speed increases to the threshold of lock-up at 0.9 s, then the CCU judges that engine speed reaches the threshold and sends an engagement command to the clutch, which engages quickly and locks at 0.96 s. The system enters the torque coordination stage at 0.98 s. Finally, the engine and ISG reach the target torque at 1.2 s, and the mode-switching process ends. The maximum torque deviation is 48.1 N·m, and a total of 19,563.7 J of friction work is generated. The results are shown in Figure 15.



The experimental results of the clutch engagement process are compared with the simulation results above. The difference in mode switching time between the simulation and experiment is 0.04 s, which is 495.3 J in friction work and 25.0 N·m in maximum torque deviation. The difference between the experiment and simulation is small, and it can be seen from the experiment that the control strategy formulated for the mode-switching process of the extended-range concrete mixer truck can be completed within the specified time, the speed output is stable, and the torque fluctuation is small. Compared with the common engine starting method of ignition at target speed, the clutch generates less friction work, and the energy consumption is lower. It can coordinate the torque of the engine, ISG, and clutch, which solves the problem of torque fluctuation during the mode-switching process with clutch engagement, and prolongs the service life of the APU clutch.



When switching from combined drive mode to pure electric mode, the system is stabilized in the combined drive mode at first. After the clutch disengagement command is issued, the VCU sends the target torque of the engine and ISG to the APCU. The CCU judges after receiving the clutch disengagement command, and feeds back a start signal if the conditions are matched. At 0.3 s, the CCU sends a mode-switching signal. The engine torque reaches the separation threshold at 0.56 s, then the clutch disengages quickly, and the ISG quickly compensates for friction torque. At 0.6 s, the system reaches a stable state and enters a pure electric mode; in this process, the maximum torque deviation is 27.8 N·m. Then, the engine speed is gradually decreased, stabilized to idle speed at 0.77 s, and the engine turns off. At 0.83 s, the engine speed drops to 0, and the mode-switching process ends. The test results are illustrated in Figure 16.



The difference in mode switching time between simulation and experiment is 0.20 s, which is 3 rpm in maximum speed deviation and 8.0 N·m in maximum torque deviation. The experiment results for the clutch disengagement control strategy are similar to the simulation results, and the stability of the output during the mode-switching process can be ensured. The torque fluctuation is greatly reduced compared with the traditional strategy. The problems related to a sudden change in engine speed and the higher torque of the ISG’s instantaneous response are avoided. It ensures the smoothness of the system during mode-switching and extends the service life of the system.





4. Conclusions


This study researches the mode-switching control strategy of the extended-range concrete mixer truck. The developed control strategy includes APU clutch control and torque coordination control among the engine, ISG, and clutch. The ISG global torque compensation strategy is adopted in the whole process. The improved engine ignition method and engine self-adjustment strategy can significantly reduce friction work.



The control strategy of “clutch engagement speed fuzzy control + disengagement + re-engagement + ISG global torque coordination + engine speed self-adjustment” is proposed for the mode-switching process with clutch engagement. The control strategy of “engine torque variation limitation + clutch disengaged quickly + ISG torque compensation” is designed for the mode-switching process with clutch disengagement.



This strategy is verified by simulation and experiment. The results show that the control strategy can increase the smoothness of the system output, significantly reduce the torque fluctuation, and ensure the working stability of the concrete mixing cylinder during the mode-switching process. The control strategy reduces friction work by 20.7% compared with the conventional strategy, which could lead to great improvements in the service life of APU clutches.



Future work will further improve the design of the control strategy, focusing on the optimization of control tune parameters based on swarm intelligence algorithm, and conducting specific analysis of the lifetime improvement of the powertrain.
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Figure 1. The powertrain of the extended-range concrete mixer truck. 
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Figure 2. Control system of the extended-range concrete mixer truck. 






Figure 2. Control system of the extended-range concrete mixer truck.



[image: Wevj 15 00040 g002]







[image: Wevj 15 00040 g003] 





Figure 3. Fuzzy control process. 
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Figure 4. Fuzzy control surface. (a) Fuzzy rule control surface for driving intention; (b) Fuzzy control for motor speed that controls the clutch. 
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Figure 5. ISG torque compensation strategy. (a) ISG compensation strategy for clutch torque; (b) ISG compensation strategy for engine torque; (c) Engine fuel consumption map. 
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Figure 6. Engine control strategy. (a) Engine active speed control; (b) Engine torque adjustment control. 
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Figure 7. APU clutch mode switching control strategy. 
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Figure 8. Control flow chart for clutch engagement process. 
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Figure 9. Control flow chart for clutch disengagement process. 
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Figure 10. Results of engine target speed start process. (a) Torque; (b) Speed; (c) Friction work; (d) Torque deviation. 
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Figure 11. Results of engine idle start process. (a) Torque; (b) Speed; (c) Friction work; (d) Torque deviation. 
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Figure 12. Results of the clutch disengagement process without torque coordination control. (a) Torque; (b) Speed; (c) Torque deviation. 
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Figure 13. Results of the clutch disengagement process with torque coordination control. (a) Torque; (b) Speed; (c) Torque deviation. 
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Figure 14. Experiment platform for the range extender. (a) Structure diagram; (b) Experiment platform. 
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Figure 15. Experiment results for clutch engagement process. (a) Torque; (b) Speed; (c) Friction work; (d) Torque deviation. 
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Figure 16. Experiment results for clutch disengagement process. (a) Torque; (b) Speed; (c) Torque deviation. 
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Table 1. Basic parameters for the powertrain of the concrete mixer truck.






Table 1. Basic parameters for the powertrain of the concrete mixer truck.





	
Item

	
Parameters

	
Values






	
Vehicle mass

	
Curb mass

	
15,000 kg




	
Gross mass

	
40,000 kg




	
Transmission system

	
Efficiency

	
0.93




	
Battery

	
Capacity

	
300 Ah




	
Engine

	
Maximum power

	
125 kW




	
Maximum speed

	
2800 rpm




	
Motor

	
Maximum power

	
350 kW




	
Maximum speed

	
3000 rpm




	
ISG

	
Maximum power

	
130 kW




	
Maximum speed

	
3000 rpm











 





Table 2. Comparison of clutch engagement process control strategy.
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	Control Strategy
	Switching Time (s)
	Friction Work (J)
	Max Torque Deviation (N·m)





	Engine idle start

process
	0.94
	19,068.4
	23.1



	Engine target

speed start
	0.82
	24,051.6
	391.3










 





Table 3. Comparison of clutch disengagement process control strategies.






Table 3. Comparison of clutch disengagement process control strategies.





	Control Strategy
	Switching Time

(s)
	Max Speed Deviation

(rpm)
	Max Torque Deviation

(N·m)





	Torque coordination control
	0.33
	2
	19.8



	Without torque

coordinate control
	0.18
	28
	348.2










 





Table 4. Comparison of different mode-switching control strategies.
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	Method
	Switching Time

(s)
	Decrease in Speed

Deviation
	Decrease in Torque

Deviation





	The proposed mode-switching strategy
	0.98
	92.6%
	94.3%



	Active control of torsional vibration [22]
	1.2
	79.6%
	77.4%



	Rule-based control strategy [25]
	0.5
	71.7%

(Decrease in maximum impact)
	68.4%
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