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Abstract

:

In order to reduce energy consumption, improve driving mileage, and make vehicles adopt driver styles, research on automatic optimization of control strategy based on driver style is conducted in this paper. According to the structure of the powertrain, the vehicle control strategy is designed and a driver-style recognition model based on fuzzy recognition is added to the rule-based control strategy to improve the driver adaptation of the vehicle. In order to further improve the energy-saving effect of the strategy, the control strategy based on driver style is automatically optimized by the Isight optimization platform to make the strategy reach optimum. The test results show that the strategy based on driver style is able to adapt to different styles of drivers and the economy of the vehicle is improved by 2.06% compared with pre-optimization, which validates the effectiveness of the strategy.
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1. Introduction


The dynamics and economy have always been the evaluation index of the performance of electric vehicles, good dynamics can meet the demand for rapid acceleration in the driving process, and good economy can meet the demand of the long mileages of vehicles [1,2]. However, due to the difference in the efficiency of the motor at various working points, resulting in the unavoidable contradiction between the dynamics and economy of vehicles, a reasonable vehicle control strategy for electric vehicles can, to a certain extent, balance the demand of the two at different moments and adjust the contradiction between the two [3,4,5]. Therefore, most researchers have focused on the improvement in the vehicle control strategy. Ref. [6] carried out the division of working modes as well as the allocation of speed and torque of coupled modes based on the principle of minimum electric power by calculating the demand torque in the dynamic mode and economic mode. Ref. [7] optimized and analyzed the control strategy of the dual-motor powertrain with the objectives of minimum energy consumption and mode switching frequency and obtained the working points and allocation strategies of power about the motor in different working modes. Ref. [8] analyzed and calculated the demand torque and compensation torque on the basis of the proposed framework of control strategy and analyzed the allocation of torque of the two motors in the coupled mode. Ref. [9] proposed a new two-motor coupling configuration and analyzed its four strategies of mode switching and the simulation results show that the two-motor powertrain has higher energy utilization than a single-motor powertrain. Ref. [10] took the friction limit of the front and rear wheels as an optimization objective in order to obtain the driving/braking distribution coefficient of the front and rear axles, improving the driving stability of the vehicle. Ref. [11] designed a dual fuzzy controller to optimize the torque allocation in the EV mode and used a Genetic Algorithm to improve the comprehensive efficiency of the system by multi-objective optimization for the control rules of the system. Ref. [12] determined the relationship between the torque and the efficiency of the motor at a given speed by building a loss model of the motor and formulated the corresponding torque allocation strategy and optimization scheme. Ref. [13] proposed a braking distribution strategy taking parallel hybrid vehicles as the research object and analyzed the influencing factor of the regenerative braking system through simulation. Ref. [14] proposed a control strategy to allocate the electric and mechanical braking force according to the braking strength and the electric motor first provides as much electric braking force as possible during braking; the insufficient part is supplemented by the mechanical braking force.



But most control strategies are not adapted to different types of drivers [15]. Because different drivers have different driving styles when driving and have different power demands under a certain driving cycle, the power adaptability of the vehicle is poor. For this reason, scholars have conducted a series of research on driver style recognition. Ref. [16] mainly explored the methods of driver style recognition and trained the model of driver style recognition by a fuzzy neural network to get fuzzy inference rules and recognize the driver style. Ref. [17] took the average value of acceleration and the standard deviation of acceleration as the inputs of fuzzy identification of driver style and the output is the influence coefficient of power demand. Accelerator pedal opening, velocity, and the influence coefficient of power demand are used to determine the discharge power of the battery together. The influence coefficient of power demand is different for drivers with different styles, so as to achieve the self-adaptation of driver styles.



Therefore, in this paper, in order to improve the overall performance of the vehicle, taking the dual-motor powertrain of an 18-ton city bus as the research object, a driving control strategy based on the principle of prioritizing high-efficiency motor as well as a braking control strategy of the distribution of multilevel braking force are first designed. Then, in order to enhance the adaptability of the vehicle to different types of drivers, fuzzy identification of driver style is conducted by the average value of acceleration and standard deviation of acceleration; fuzzy identification of acceleration intention is conducted by accelerator pedal opening and its changing rate, then the recognition results of driver style and acceleration intention are used as inputs to the fuzzy controller of torque correction coefficient k to correct the driving demand torque by k value outputted through defuzzification to get a more accurate demand torque that adapts driver style, which makes the powertrain work in a more reasonable working mode. Finally, the strategy based on driver style is automatically optimized by the Isight optimization platform to make the strategy reach optimum. Test results show that the strategy based on driver style can adapt to different types of drivers and the economy of the optimized strategy is further improved.




2. Dual-Motor Powertrain Configuration


The dual-motor powertrain of the 18 tons city bus is taken as the research object and the configuration of the powertrain is shown in Figure 1, which consists of a planetary gear system, two-gear gearbox, electric machine 1, electric machine 2, and so on. Table 1 shows the basic parameters of the dual-motor powertrain and the vehicle.



For the dual-motor powertrain, the two input shafts of the system are the output shafts of the two motors and the output shafts of the system are connected to the ring gear of the planetary row. The planetary rack is fixed to the powertrain body by a locking mechanism and motor 2 is connected to the sun wheel via an idler pulley; the torque is loaded on the ring gear through the planetary pulley, which in turn transfers the power to the output shaft to ultimately drive the rear axle. The reduction ratio of motor 2 to the output shaft of the system is fixed, i.e., the transmission ratio of the planetary row in this structure. While the torque of motor 1 is loaded on the ring gear through the two-gear transmission, the reduction ratio of motor 1 to the output shaft of the system varies according to the gear.




3. Research on Vehicle Control Strategy


3.1. Research on Driving Control Strategy


In this paper, the working modes of dual-motor powertrain are divided into three types according to the driving cycle of the vehicle: motor 1 alone, motor 2 alone, and dual-motor co-driving. The control strategy mainly consists of three parts: demand torque calculation, working modes recognition, and demand torque distribution [18]. As shown in Figure 2a, the high-efficiency zone of motor 1 is concentrated in the middle and high-speed region of 1300~3100 r/min, the corresponding velocity is 10~27 km/h when the transmission is on the first gear, and 28~68 km/h when the transmission is on the second gear. As shown in Figure 2b, the high-efficiency zone of motor 2 is concentrated in the middle and low-speed region of 900~2500 r/min and the corresponding velocity is 17~49 km/h [19].



Therefore, when the transmission is in the first gear, when the velocity is less than 17 km/h, the efficiency of motor 1 is higher; when the velocity is more than 27 km/h, the efficiency of motor 2 is higher; and when the velocity is between 17 and 27 km/h, the efficiency of motor 1 and motor 2 is both relatively high, taking into account that the demand torque of the vehicle in the low-speed zone of 17~27 km/h on the low-gear position is larger, the efficiency of the corresponding motor 1 is higher at this time [20]. Therefore, motor 1 can be considered as a preferred choice. When the transmission is in the second gear, when the velocity is less than 28 km/h, motor 2 is more efficient; when the velocity is more than 49 km/h, motor 1 is more efficient; and when the velocity is between 28 and 49 km/h, both motor 1 and motor 2 are relatively efficient, considering that the demand torque of the vehicle in the middle and high-speed zone of 28~49 km/h on the high-gear position is smaller, at this time, the efficiency of the corresponding motor 2 is higher. Therefore, motor 2 can be considered as a preferred choice [21].



In order to improve the overall efficiency of the dual-motor powertrain, according to the current gear, velocity, and actual driving demand torque, based on the principle of prioritizing the high-efficiency motor to select the working mode and allocate the outputting torque, so as to ensure that motor 1 and 2 work in the high-efficiency zone as much as possible. The specific strategy is designed as shown in Table 2.



In the table, V denotes the speed of the vehicle,    T  r e q     is the demand torque of the vehicle depending on the opening of the accelerator pedal,    T  1 max     is the maximum torque at the current speed of motor 1,    T  2 max     is the maximum torque at the current speed of motor 2,    T 1    is the actual torque provided by motor 1,    T 2    is the actual torque provided by motor 2,    T  1 e     is the rated torque of motor 1,    T  2 e     is the rated torque of motor 2, and    i  g 1     and    i  g 2     are the gear ratio of the transmission on the first and second gear, respectively.    i p    is a characteristic parameter of the planetary row.




3.2. Research on the Regenerative Braking Control Strategy


According to the analysis of the structure of the research object in this paper, there are three times the distribution of braking force: the first time, it is the distribution of braking force in the front and rear axles; the second time, it is the distribution that occurs between the motor braking and the mechanical braking; and the third time, it is the distribution of braking force between the two motors. In the process of braking force distribution, the safety of the vehicle should be ensured during braking first and secondly, as much energy as possible should be recovered. It can be concluded that the braking force distribution points of the front and rear axles should located in the area surrounded by the I curve, the ECE boundary line, the f line, and the horizontal coordinate axis, as shown in Figure 3a. The shaded area in Figure 3a is the feasible area of braking force distribution. Distributing the braking force of the front and rear axles in this area can ensure the braking stability of the vehicle and meet the regulatory requirements during braking at the same time [22].



In the actual braking process, the braking force of the front and rear axles is usually distributed according to a certain proportion and the closer the braking force distribution curve is to the ideal braking force distribution curve, the better safety and stability can be guaranteed during braking. Based on the above analysis of the braking force distribution of the front and rear axles, considering the constraint of the feasible region of braking force distribution of the front and rear axles, the braking force distribution of the front and rear axles is shown in Figure 3b.



The ideal braking force distribution curve in Figure 3b has an intersection point C with the f-curve with  φ  = 0.7. A braking force distribution coefficient of the front and rear axles is determined based on the intersection point C. According to the formulas of I and f curves and vehicle parameters, the coordinate of point C can be obtained as (62,009, 63,788) and the braking force distribution coefficient is calculated using Equation (1); the coefficient is calculated to be  β  = 0.49. In Figure 3b, point E is the intersection of the ECE curve and the horizontal coordinate axis and the coordinate of point E is calculated to be (10,999, 0) and the braking strength of point E is calculated to be 0.06. At point E, make a line at 45 degrees to the negative direction of the horizontal coordinate axis and intersect the vertical coordinate axis at point A. Point B is the intersection of this line and the line with  β  = 0.49. Via calculation, the braking strength of point C is 0.70; in order to improve the energy recovery rate during braking, according to the above analysis of braking force distribution of the front and rear axles, the OABCD curve shown in Figure 3b is the braking force distribution curve adopted in this paper [23].


  β =    F f     F f  +  F r     



(1)







In Equation (1),    F f    is the braking force of the front axis and    F r    is the braking force of the rear axis.



3.2.1. Research on the Control Strategy of the Braking Force Distribution of the Front and Rear Axles


According to the above analysis of the braking force distribution of the front and rear axles and the computational solution of every node, taking into account the braking energy recovery and braking safety, the specific braking force distribution is divided into the following three stages:



1.   0 < Z ≤ 0.06   (OA segment). At this stage, the braking strength is very small and the braking force distribution can be unrestricted by ECE regulations. In order to maximize the rate of braking energy recovery, the rear axle bears all the braking force of the whole vehicle:


       F f  = 0      F r  = G ⋅ Z      



(2)







In Equation (2),    F f    is the braking force of the front axle and    F r    is the braking force of the rear axle.



2.   0.06 < Z ≤ 0.7   (BC segment). Under this braking strength, the front and rear axles bear all the braking force


       F f  = 0.49 m g z      F r  = 0.51 m g z      



(3)







3.   Z > 0.7   (Point C and later stage). At this time, the braking strength is large and the velocity of vehicle needs to be reduced quickly; in order to ensure the braking safety, at this time, all the braking force of the front and rear axles is provided by the mechanical braking force. The mechanical braking force of the front and rear axles is distributed according to the I-curve as follows:


       F f  = z ⋅  G L  ( b + z  h g  )      F r  = z ⋅  G L  ( a − z  h g  )      



(4)







In addition, considering the driving safety and comfort of the vehicle, energy recovery is not considered when the battery SOC of the vehicle is higher than the maximum recovery value and the velocity is lower than the minimum recovery value. At the moment, in order to improve the braking efficiency and braking stability, the mechanical braking force of the front and rear axles is distributed according to the I-curve. The specific allocation is shown in Equation (4).




3.2.2. Research on the Strategy of Electromechanical Braking Force Distribution of the Rear Axle


Since the motor braking force cannot always meet the demand of braking force on the rear axle, the braking force of the rear axle needs to be supplemented by part of the mechanical braking force. This involves the second distribution of the braking force. This time, the principles of braking safety and energy optimum must be followed as well.



Similarly, the distribution process of the electromechanical braking force of the rear axle is still divided into three stages:



1.   0 < Z ≤ 0.06   (OA segment). The braking strength at this stage accounts for a considerable proportion during driving, in order to be able to recover more energy and improve the energy recovery rate, so all the braking force of the rear axle is provided by motor braking force:


   F  r h   = 0 ,  F  r e   =  F r   



(5)







In Equation (5),    F  r h     is the mechanical braking force of the rear axle and    F  r e     is the motor braking force of the rear axle.



Moreover, it is calculated that the maximum braking force required by the vehicle at this stage is less than the maximum braking force provided by the two motors. So the above distribution process can be realized.



2.   0.06 < Z ≤ 0.7   (BC segment). Under this braking strength, if the braking force of the rear axle is less than the sum of the maximum braking force of the respective current speed of the dual motors, in order to improve the energy utilization rate, all the braking force of the rear axle is provided by the motor braking force. If the braking force of the rear axle is more than the sum of the maximum braking force of the respective current speed of the dual motors, the dual motors will output the maximum braking force and the rest is compensated by the mechanical braking force.



This is


  w h e n    F r  ≤  F  e 1 max   +  F  e 2 max   ,    F  r h   = 0 ,      F  r e   =  F r   



(6)






  w h e n    F r  >  F  e 1 max   +  F  e 2 max   ,    F  r h   =  F r  −  F  r e   ,      F  r e   =  F  e 1 max   +  F  e 2 max    



(7)







In Equations (6) and (7),    F  e 1 max     is the maximum braking force provided by motor 1 and    F  e 2 max     is the maximum braking force provided by motor 2.



3.   Z > 0.7   (Point C and later stage). Under high braking strength, in order to ensure the safety of the vehicle during braking, all the braking force of the rear axle is provided by the mechanical braking force; at this time, the motor is not involved in braking.




3.2.3. Research on the Control Strategy of Braking Force Distribution between Dual Motors


After completing braking force distribution of the front and rear axles and electromechanical braking force distribution of the rear axle, another distribution between the two motors is required. In order to further improve the energy recovery rate, a higher-efficiency motor is prioritized to brake during energy recovery.



Therefore, during the third distribution of braking force, the specific control strategy is similar to that of the driving control strategy and will not be elaborated here [24].






4. Control Strategy Based on Driver Style


Depending on the different demands of drivers for power of the vehicle, this paper classifies driver styles into three categories: The first is the radical drivers who drive roughly and need more power from the vehicle, the second is the cautious drivers who start and accelerate more slowly and pay more attention to the economy of the vehicle, and the third is the standard drivers who are between radical and cautious types.



In this paper, the correction coefficient k of the demand torque is proposed to correct the driving demand torque of the vehicle in order to obtain a more accurate demand torque that adapts different types of drivers to improve the power adaptability of the vehicle.


     T  r e q a c t   = k ⋅  T  r e q   = k ⋅ l o a d ⋅ (  i g   T  1 max   +  i p   T  2 max   )           = f (  a ¯  ,   σ ( a ) ,   l o a d ,   l o a  d  r a t e   ) ⋅ l o a d ⋅ [  i g  f (  T  1 max   ,  n 1  ) +  i p  f (  T  2 max   ,  n 2  ) ]    



(8)







In Equation (8),    T  r e q a c t     is the actual driving demand torque of the vehicle, k is the torque correction coefficient,   f (  a ¯  ,   σ ( a ) ,   l o a d ,   l o a  d  r a t e   )   is a non-linear function about average acceleration, standard deviation of acceleration, accelerator pedal opening, and changing rate of accelerator pedal opening,    T  1 max     is the maximum torque of motor 1 at speed    n 1   , and    T  2 max     is the maximum torque of motor 2 at speed    n 2   .



There is a non-linear relationship among the accelerator pedal opening and its changing rate, the average value of acceleration, standard deviation of acceleration and the torque correction coefficient k, and the mathematical model is difficult to determine, so a fuzzy control method is used to obtain the k value. Fuzzy identification of driver style is conducted by the average value of acceleration and standard deviation of acceleration, fuzzy identification of acceleration intention is conducted by accelerator pedal opening and the changing rate of accelerator pedal opening, and the recognition results of driver style and acceleration intention are used as two inputs to the fuzzy controller of k value to correct the driving demand torque by the k value outputted through defuzzification to obtain the demand torque that adapts driver style. The specific process of the driver style recognition is shown in Figure 4.



4.1. Drivers’ Driving Style Recognition


The larger average value of acceleration may mean that the driver has a higher demand for the power of vehicles but the average value of acceleration also only reflects the average level of acceleration over a period of time, which does not reflect the dispersion degree of acceleration and therefore the standard deviation of acceleration is introduced to jointly judge the focusing type of the driver.



Considering the real-time processing capability of the hardware, this paper selects the driving cycle of the past 50 s to calculate the average value of acceleration    a ¯   


   a ¯  =   ∑  i = 1  n    a i  / n    



(9)







In Equation (9),    a i    is the ith sampling value of acceleration and n is the number of sampling.



The formula for the standard deviation of acceleration is


  σ ( a ) =   E (   ( a −  a ¯  )  2  )    



(10)







In Equation (10), a is the sampling value of acceleration and    a ¯    is the average value of acceleration.



The affiliation functions of the average value of acceleration and the standard deviation of acceleration are shown in Figure 5.



The fuzzy inference rules of driver style recognition are shown in Table 3.




4.2. Driver Acceleration Intention Recognition


The accelerator pedal opening reflects the urgent degree of acceleration to some extent but the accelerator pedal opening alone does not fully reflect the urgent degree of acceleration. In this paper, the accelerator pedal opening and its changing rate are selected to reflect the urgent degree of acceleration together. The acceleration of the vehicle is classified into slow acceleration and urgent acceleration. The changing rate of the accelerator pedal opening of one step has a great impact on the fluctuation of the acceleration intention of drivers, making the acceleration intention change frequently, so the average value of 50 steps is selected for the recognition of acceleration intention in this paper.



The affiliation functions of the accelerator pedal opening and the changing rate of the accelerator pedal opening are shown in Figure 6.



The fuzzy inference rules of acceleration intention are shown in Table 4.




4.3. Driving Demand Torque Correction Coefficient k


The torque correction coefficient k is derived from the defuzzification of the fuzzy controller that takes the recognition results of driver style and acceleration intention as inputs. The driving demand torque of the vehicle is corrected by the k value to get the more accurate demand torque that adapts to the driver style so that the powertrain can work in a more reasonable working mode. The affiliation function of the torque correction coefficient is shown in Figure 7.



The fuzzy inference rules of the torque correction coefficient are shown in Table 5.




4.4. Analysis of Offline Simulation


In order to make the driving cycle of simulation closer to the actual road condition, the Chinese heavy-duty commercial vehicle test cycle for the bus (CHTC-B) is selected for simulation in this paper, as shown in Figure 8.



The vehicle model is built in the CRUISE, and the control strategy is built in Simulink, and the joint simulation is carried out for the rule-based control strategy without driver style recognition and the fuzzy control strategy based on driver style, respectively.



Figure 9 shows a comparison of the driving demand torque of the different strategies under the CHTC-B driving cycle. Figure 10 shows the variation in the demand torque when the driver style is radical and the outputting torque of the control strategy based on driver style is larger than that without driver style recognition when the demand torque varies largely from 464 to 466 s. Figure 11 shows the variation in the demand torque when the driver style is cautious; the outputting torque of the control strategy based on driver style is smaller than that without driver style recognition when the variation of the demand torque is small from 871 to 874 s. Figure 12 shows the variation in the demand torque when the driver style is standard and the outputting torque of the control strategy based on driver style is roughly equal to that without driver style recognition when the variation in the demand torque is usual from 501 to 506 s. This is because the driver style is recognized more accurately and the demand for the torque is more reasonable.



It can be seen that a control strategy based on driver style can adapt to different types of drivers and the power adaptation of the vehicle is improved.





5. Automatic Optimization of Parameters for the Control Strategy Based on Driver Style


The optimization of the parameters for the control strategy based on driver style is non-linear and multidirectional and the objective function to solve is just to find the optimal solution in the feasible domain of the control variables under the condition of meeting the constraints so that the economy of the vehicle can be further improved.



5.1. Build Optimization Model


The optimization problem of control strategy based on driver style can be stated as a constrained nonlinear optimization problem and the mathematical model is


      min f ( x ) =  f e      s . t .      g j  ( x ) ≥ 0   j = 1 , 2 , ⋯ , m      x i l  ≤  x i  ≤  x i h            i = 1 , 2 , ⋯ , n      



(11)







In Equation (11),   f ( x )   is the optimization objective function,    f e    is the 100-kilometre electricity consumption of the vehicle,    g j  ( x )   is the jth constraint about the variable x, m is the number of constraints,    x i l    and    x i h    are the lower and upper limit of the ith optimization variable    x i   , respectively, and n is the number of optimization variables.



5.1.1. Establish Optimization Goal


In this paper, the model is an electric vehicle and the design objective is to achieve the optimal economy under the premise of meeting the dynamics, so the optimization objective is the power consumption of 100 km of the vehicle.




5.1.2. Restrictive Condition


Constraints of the electric vehicle are dynamic performance indicators and tracking errors of the driving cycle path. The specific constraint indicators are shown in Table 6.




5.1.3. Selection of Optimization Variables


Based on the analysis of the above strategy, the optimization of some of the parameters selected in the strategy that have a greater impact on the vehicle economy is carried out. Optimization variables selected in the control strategy are correction coefficients m and n of the velocity logic threshold values of selecting the higher-efficiency motors 1 and 2 when acting in first gear in the driving control strategy and correction coefficients x and y of the velocity logic threshold value of selecting the higher-efficiency motors 1 and 2 when acting in second gear in this strategy. The optimization variables are selected as shown in Table 7.



The reason for the parameter selection is mainly that the high-efficiency range of the motor we visually measured according to the efficiency map of the motor is not the optimal range, so the resulting velocity range and the velocity logic threshold values of selecting the higher-efficiency motor are also not optimal. Therefore, the velocity logic threshold values need to be corrected to make them optimal to achieve the purpose of improving the efficiency of the vehicle and reducing energy consumption.





5.2. Selection of Optimization Algorithms


In this paper, Multi-Island Genetic Algorithm (MIGA) and Non-Linear Sequential Quadratic Programming (NLSQP) are selected to optimize parameters.



In the early stage of the optimization process, the global optimization ability of MIGA is utilized to locate the global optimal region initially and, in the later stage of the optimization process, the local optimization ability of NLSQP is utilized to quickly search for the optimal solution in the optimal region to improve the speed of the optimization and achieve the rapid search for the global optimal solution, which not only improves the efficiency of optimization but also improves the quality of optimization. The process of the combined optimization is shown in Figure 13.




5.3. The Development of the Isight Optimization Platform


The Isight optimization platform is shown in Figure 14. The combined algorithm of the Multi-Island Genetic Algorithm and Nonlinear Sequential Quadratic Programming is selected to optimize the control parameters and set the range of parameters, limiting values and so on in Optimization1 component. The inputs (i.e., the four optimization variables) are selected and the parameter calibration program and simulation interface startup program are written in the Matlab component. The location and content of the data in the Data Exchanger component are determined and a data processing program in the Matlab1 component to obtain the constraint values is written, which are passed to the optimization algorithm set up in the Optimization1 component. The optimization is carried out automatically until the maximum number of iterations is reached and the optimal control parameters and optimization object are output.





6. The Result and Analysis of Optimization Simulation


6.1. Analysis of Optimization Results


The Chinese city bus driving cycles (CHTC-B) in Cruise are loaded and the Isight optimization platform for automatic optimization is started; the process of optimization is shown in Figure 15. From the figure, it can be seen that the optimal solution occurs in generation 594; at this time, the power consumption per 100 km is 83.77 kW  ⋅  h and the economy is improved by 2.16% compared to the pre-optimization. The comparison results of the control parameters before and after optimization are shown in Table 8.



The changing curves of battery SOC before and after optimization are shown in Figure 16. With regard to Figure 16, after optimization, the changing of battery SOC is smoother, avoiding rapid discharge to a certain extent, which is conducive to prolonging the driving miles and battery service life [25].



In order to analyze the results before and after optimization in more detail, a comparison of the efficiency for motor 1 and motor 2 under the CHTC-B driving cycle before and after optimization is shown in Figure 17. The corresponding percentage of the working efficiency of motors 1 and 2 before and after optimization is shown in Figure 18.



From Figure 18a,b, it can be seen that after optimization, the operation time percentage of the efficiency zone is greater than 90% (i.e., high-efficiency working zone) of motor 1 and 2 is improved by 2.67%; however, there is a decrease in operation time percentage of the efficiency zone of less than 70% (i.e., low-efficiency working zone). So, after optimization, the working efficiency of the motors 1 and 2 is further improved compared to pre-optimization and the purpose of improving the economy is achieved.




6.2. Semi-Physical Simulation Test Verification


The semi-physical simulation test platform mainly consists of a hardware system (dSPACE, CANoe, driver simulator), software system (AVL_Cruise, Matlab, data monitoring software Control Desk V7.6.1), etc. The optimized strategy based on driver style is compiled and downloaded into dSPACE and through the built-in digital-to-analog conversion channel of dSPACE, the accelerator pedal signal and braking pedal signal are converted into digital signal. CANoe is the CAN communication controller, which realizes the communication of the whole vehicle by accepting and sending data. The driver simulator can realize the human—machine interaction in hardware-in-the-loop and the driver can better simulate the real driving situation by tracking the target velocity. The interface configuration is completed in Matlab/Simulink and the vehicle model is built in the AVL_Cruise. The optimized strategy based on driver style is verified by a semi-physical test. In the problem of real-time, the fuzzy controller is transformed into the corresponding fuzzy query table. The semi-physical test platform is shown in Figure 19.



Figure 20 represents the changing curve of velocity tracing, from which it can be seen that the driver accomplished the tracing of velocity well, indicating that when the semi-physical test is carried out, it meets the dynamic performance requirements of the vehicle.



Figure 21a shows the relationship among the driving demand torque, braking demand torque and the outputting torque of motor 1 and 2 in the semi-physical test, in which 456~520 s are intercepted, as shown in Figure 21b, from which it can be seen that the driving demand torque is well allocated between motor 1 and 2 and that at higher braking strength, braking demand torque may require mechanical braking torque in addition to the motor braking torque.



Table 9 shows a comparison of the results of power consumption between the semi-physical test and the offline optimization. As can be seen from Table 9, the results of power consumption per 100 km of the semi-physical test and offline optimization are basically the same, thus verifying the accuracy and effectiveness of the optimized strategy based on driver style.





7. Discussion


At present, most strategies cannot adapt the driving styles of drivers; parameter optimization of the strategy was debugged manually, which was time-consuming and easy to miss the optimal solution.



To solve the above problem, a driver style recognition model based on fuzzy control method is added the rule-based control strategy to obtain a more accurate driving demand torque that adapts the driving styles of drivers. Simulation results show that control strategy based on driver style can adapt different types of drivers, improving the power adaptation of the vehicle. Automatic optimization of the control parameters in the strategy based on driver style is performed to determine the optimal control parameters and calibrate them for the purpose of improving the economy. The simulation results show that after optimization, operation time percentage of efficiency zone greater than 90% (i.e., a high-efficiency working zone) of motor 1 and 2 is improved by 2.67%; however, there is a decrease in operation time percentage of the efficiency zone of less than 70% (i.e., low-efficiency working zone). Finally, the optimized strategy is verified by a semi-physical test: the power consumption per 100 km of the semi-physical test and offline optimization is basically the same, which are 83.86 kW  ⋅  h and 83.77 kW  ⋅  h, respectively. Compared with the pre-optimization, the economy is improved by 2.06% and 2.16%.




8. Conclusions


In order to improve the overall performance of the vehicle, a driving control strategy based on the principle of prioritizing a high-efficiency motor and a braking control strategy of the distribution of multilevel braking force are firstly formulated. Then, to make the strategy adapt driving styles of drivers, a driver style recognition model based on fuzzy control method is added the rule-based control strategy; driving demand torque is corrected by a k value outputted through defuzzification to obtain a more accurate demand torque that adapts driving styles of drivers, improving the power adaptation of the vehicle. Finally, in order to further improve the economy of the vehicle, the strategy based on driver style is automatically optimized by an Isight optimization platform to make the strategy reach optimum.



The simulation results show that the strategy based on driver style can adapt to the torque demand of different types of drivers, improving the power adaptation of the vehicle; the economy of the vehicle is improved by 2.16% compared with pre-optimization. The relative error of the result of between the semi-physical test and the off-line optimization is only 0.10%, which verifies the effectiveness and reasonability of the optimized strategy.
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Figure 1. Configuration of the dual-motor powertrain. 






Figure 1. Configuration of the dual-motor powertrain.



[image: Wevj 15 00154 g001]







[image: Wevj 15 00154 g002] 





Figure 2. (a) The efficiency map of the motor 1; (b) The efficiency map of the motor 2. 
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Figure 3. (a) The feasible area of braking force distribution; (b) The braking force distribution of the front and rear axles. The point A is intersection of the line with z = 0.06 and the Y-axis; the point C is intersection of f curve and I curve; the point E is intersection of ECE curve and X-axis. The blue line OABCD is the braking force distribution curve of the front and rear axles. 






Figure 3. (a) The feasible area of braking force distribution; (b) The braking force distribution of the front and rear axles. The point A is intersection of the line with z = 0.06 and the Y-axis; the point C is intersection of f curve and I curve; the point E is intersection of ECE curve and X-axis. The blue line OABCD is the braking force distribution curve of the front and rear axles.



[image: Wevj 15 00154 g003]







[image: Wevj 15 00154 g004] 





Figure 4. The specific process of the driver style recognition. 
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Figure 5. (a) The affiliation function of the average value of acceleration; (b) The affiliation function of the standard deviation of acceleration. S represents small; M represents medium; L represents large. 
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Figure 6. (a) The affiliation function of accelerator pedal opening; (b) The affiliation function of the changing rate of accelerator pedal opening. 
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Figure 7. The affiliation function of the torque correction coefficient. 
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Figure 8. CHTC-B driving cycle. 
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Figure 9. Comparison of the driving demand torque of different strategies. 
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Figure 10. Comparison of demand torque at radical type. 
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Figure 11. Comparison of demand torque at cautious type. 
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Figure 12. Comparison of demand torque at standard type. 
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Figure 13. The process of the combined optimization. Y represents yes; N represents no. 
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Figure 14. Isight optimization platform. Matlab: co-simulation of Simulink and Cruise; Data Exchanger: acquire test data; Matlab1: calculate optimization result. 
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Figure 15. Optimization process of the automatic optimization platform. The green dot represents the optimum optimization goal during automatic optimization. 






Figure 15. Optimization process of the automatic optimization platform. The green dot represents the optimum optimization goal during automatic optimization.



[image: Wevj 15 00154 g015]







[image: Wevj 15 00154 g016] 





Figure 16. Comparison of battery SOC. 
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Figure 17. (a) Comparison of efficiency for motor 1; (b) Comparison of efficiency for motor 2. 
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Figure 18. (a) Comparison of percentage of working efficiency of the motor 1; (b) Comparison of percentage of working efficiency of the motor 2. 
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Figure 19. Semi-physical simulation test platform. 
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Figure 20. Comparison of current velocity and desired velocity. 
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Figure 21. (a) The torque distribution after optimization; (b) The specific torque distribution between 456~520 s after optimization. 
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Table 1. The basic parameters of the powertrain and the vehicle.
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	Parameter
	Numerical Value





	Peak/Rated power of electric machine 1
	184/100 kW



	Peak/Rated torque of electric machine 1
	1100/600 N·m



	Peak/Rated speed of electric machine 1
	5200/1600 r/min



	Peak/Rated power of electric machine 2
	125/63 kW



	Peak/Rated torque of electric machine 2
	650/300 N·m



	Peak/Rated speed of electric machine 2
	4000/2000 r/min



	1st Gear reduction ratio
	2.5



	2nd Gear reduction ratio
	1



	Characteristic parameters of planetary row
	2.13



	Main reducer ratio
	4.48



	Nominal voltage
	614.4 V



	Battery capacity
	299.53 kW·h



	Curb weight
	12,000 kg



	Gross weight
	18,000 kg



	Frontal area
	8 m2



	Drag coefficient
	0.55



	Rolling resistance factor
	0.008



	The radius of tires
	0.5 m



	Rolling radius of tires
	0.506 m



	Conversion coefficient for rotational mass
	1.1










 





Table 2. Strategy of torque distribution for dual-motor powertrain.
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Gear Level (First Gear)

	

	




	
Serial Number

	
Velocity

	
Working Condition

	
Operating Mode

	
Torque Distribution






	
1

	
V  ≤  17 km/h

	
    T  r e q   ≤  i  g 1    T  1 max     

	
Motor 1 alone

	
      T 1  =  T  r e q   /  i  g 1        T 2  = 0     




	
    T  r e q   >  i  g 1    T  1 max     

	
Dual motors

	
        T 1  =  T  1 max          T 2  = (  T  r e q   −  i  g 1    T 1  ) /  i p      




	
2

	
17 < V  ≤  27 km/h

	
    T  r e q   ≤  i  g 1    T  1 max     

	
Motor 1 alone

	
      T 1  =  T  r e q   /  i  g 1        T 2  = 0     




	
    i  g 1    T  1 max   <  T  r e q   ≤  i  g 1    T  1 max   +  i p   T  2 e     

	
Dual motors

	
        T 2  =  T  2 e          T 1  = (  T  r e q   −  i p   T 2  ) /  i  g 1       




	
    T  r e q   >  i  g 1    T  1 max   +  i p   T  2 e     

	
Dual motors

	
              T 1  =  T  1 max                T 2  = (  T  r e q   −  i  g 1    T 1  ) /  i p      




	
3

	
V > 27 km/h

	
    T  r e q   ≤  i p   T  2 max     

	
Motor 2 alone

	
        T 2  =  T  r e q   /  i p         T 1  = 0     




	
    T  r e q   >  i p   T  2 max     

	
Dual motors

	
          T 2  =  T  2 max            T 1  = (  T  r e q   −  i p   T 2  ) /  i  g 1       




	

	
Gear level (second gear)

	

	




	
1

	
V  ≤  28 km/h

	
    T  r e q   ≤  i p   T  2 max     

	
Motor 2 alone

	
          T 2  =  T  r e q   /  i p           T 1  = 0     




	
    T  r e q   >  i p   T  2 max     

	
Dual motors

	
      T 2  =  T  2 max        T 1  = (  T  r e q   −  i p   T 2  ) /  i  g 2       




	
2

	
28 < V  ≤ 49 km/h

	
    T  r e q   ≤  i p   T  2 max     

	
Motor 2 alone

	
      T 2  =  T  r e q   /  i p       T 1  = 0     




	
    i p   T  2 max   <  T  r e q   ≤  i p   T  2 max   +  i  g 2    T  1 e     

	
Dual motors

	
      T 1  =  T  1 e        T 2  = (  T  r e q   −  i  g 2    T 1  ) /  i p      




	
    T  r e q   >  i p   T  2 max   +  i  g 2    T  1 e     

	
Dual motors

	
          T 2  =  T  2 max            T 1  = (  T  r e q   −  i p   T 2  ) /  i  g 2       




	
3

	
V > 49 km/h

	
    T  r e q   ≤  i  g 2    T  1 max     

	
Motor 1 alone

	
        T 1  =  T  r e q   /  i  g 2          T 2  = 0     




	
    T  r e q   >  i  g 2    T  1 max     

	
Dual motors

	
          T 1  =  T  1 max            T 2  = (  T  r e q   −  i  g 2    T 1  ) /  i p      











 





Table 3. The fuzzy inference rules of driver style recognition.
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Standard Deviation of Acceleration




	
S

	
M

	
L






	
Average Value

of

Acceleration

	
S

	
Caution

	
Caution

	
Standard




	
M

	
Caution

	
Standard

	
Radicalness




	
L

	
Standard

	
Radicalness

	
Radicalness











 





Table 4. The fuzzy inference rules of acceleration intention.
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Accelerator Pedal Opening




	
S

	
M

	
L






	
Changing Rate

of Accelerator

Pedal Opening

	
S

	
Slowness

	
Slowness

	
Slowness




	
M

	
Slowness

	
Slowness

	
Urgency




	
L

	
Urgency

	
Urgency

	
Urgency











 





Table 5. Fuzzy inference rules of torque correction coefficient k.
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Driver Style




	
Caution

	
Standard

	
Radicalness






	
Acceleration

intention

	
Slowness

	
S

	
S

	
M




	
Urgency

	
M

	
L

	
L











 





Table 6. Constraint conditions.
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Name

	
Condition

	
Require






	
Dynamic constraints

	
Maximum velocity

	
>80 km/h




	
Acceleration time of 0~50 km/h

	
<20 s




	
Acceleration time of 0~18 km/h

	
<5 s




	
Maximum Climbing Degree of 15 km/h

	
>12%




	
Driving cycle

Tracking constraint

	
Chinese City Bus driving cycle absolute tracking error

	
<3 km/h











 





Table 7. Selection process of the optimization variables.
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	Variables
	Clarification
	Lower Limit Value
	Upper Limit Value





	m
	correction coefficient of the velocity logic threshold value of selecting the higher-efficiency motor 1 when acting in first gear in the driving control strategy
	0.8
	1.2



	n
	correction coefficient of the velocity logic threshold value of selecting the higher-efficiency motor 2 when acting in first gear in the driving control strategy
	0.8
	1.2



	x
	correction coefficient of the velocity logic threshold value of selecting the higher-efficiency motor 1 when acting in second gear in the driving control strategy
	0.8
	1.2



	y
	correction coefficient of the velocity logic threshold value of selecting the higher-efficiency motor 2 when acting in second gear in the driving control strategy
	0.8
	1.2










 





Table 8. Comparison of parameters before and after optimization.
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	Name
	m
	n
	x
	y
	    f e    /(kW  ⋅  h)



	pre-optimization
	1
	1
	1
	1
	85.62



	post-optimization
	0.91
	1.05
	0.87
	0.93
	83.77










 





Table 9. Results comparison of the semi-physical test and off-line optimization.






Table 9. Results comparison of the semi-physical test and off-line optimization.





	Status
	Electricity Consumption per 100 km
	Relative Error





	offline optimization
	83.77 kW  ⋅  h
	standard of reference



	semi-physical test
	83.86 kW  ⋅  h
	0.10%
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