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Abstract

:

The two-speed automatic transmission can adjust the drive motor speed of electric vehicles and expand their output torque range. This study proposes a rule-based partitioned gear-shifting strategy for pure electric vehicles equipped with a two-speed dual-clutch transmission, combining economic and dynamic shifting strategies to ensure low energy consumption and strong power. Specifically, fuzzy logic is applied to adaptively modify the partition shifting strategy online, to reduce invalid gearshifts, increase the service life of the transmission, and improve driving comfort. Finally, we compare the economic performance and dynamic performance of pure electric vehicles equipped with a two-speed dual-clutch transmission and a single-speed final drive. The results show that the vehicle equipped with the two-speed dual-clutch transmission has better economic and dynamic performance. In addition, its maximum climbing ability was verified by rig testing. These results prove that the two-speed dual-clutch automatic transmission and the gear-shifting strategy proposed in this study can comprehensively improve the performance of pure electric vehicles.
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1. Introduction


Currently, energy and pollution problems are becoming increasingly serious worldwide [1]. As a representative solution for clean energy vehicles, the promotion of pure electric vehicles is considered an important way to alleviate fossil fuel consumption and environmental pollution problems [2,3,4]. For a long time, the research hotspot of pure electric vehicles, especially passenger vehicles, has mostly focused on batteries, motors, and configurations [5,6,7]. Meanwhile, the automatic transmission is a very important part of traditional vehicles and hybrid vehicles [8], but it is often neglected in pure electric vehicles. Although pure electric vehicles have made great contributions to energy conservation and emission reduction, from the perspective of the energy industry chain, the electrical energy required for the charging of pure electric vehicles still consumes a lot of fuel and causes huge pollution [9]. Therefore, it is necessary to continuously improve the economic performance of pure electric vehicles, while ensuring dynamic performance. An automatic transmission can adjust the motor speed by shifting gears to ensure that the motor works more efficiently [10]. Moreover, with an automatic transmission, a vehicle’s requirements for motor performance and battery capacity will be reduced, thus saving more resources, reducing pollution, and reducing vehicle manufacturing costs.



Compared with multi-speed transmissions two-speed transmissions are adopted more widely in the field of pure electric vehicles due to their better performance and simpler structure. The commonly used forms of automatic transmissions are dual clutch automatic transmissions (DCTs), automatic manual transmissions (AMTs), and planetary automatic transmissions (ATs). ATs have a more complex structure, higher costs, and lower transmission efficiency than AMTs and DCTs; AMTs and DCTs have excellent dynamic performance, high transmission efficiency, and low manufacturing costs [11,12]. However, AMTs need to cut off the power transmission between the power source and the gears during the shifting process and then switch the gears; thus, there is a power interruption during the shifting process, which will reduce driving comfort [13]. Therefore, DCTs are the preferred transmission mode for pure electric vehicles.



The gear-shifting strategy is very important for transmission-equipped vehicles, and the formulation of the shifting strategy greatly affects the dynamic and economic performance of vehicles. Previous studies are mainly divided into dynamic shifting strategies, economic shifting strategies, and comprehensive shifting strategies. Zhu et al. proposed a dynamic shifting strategy and an economic shifting strategy based on a multi-speed automatic transmission for pure electric vehicles and proved that the two strategies can improve the dynamic and economic efficiency of vehicles [14]. He et al. developed an effective energy management strategy for a two-speed dual-motor transmission pure electric vehicle using an MPC-based longitudinal dynamics model. The offline global optimization method was used to optimize the gear-shifting strategy and the torque distribution [15]. Gao et al. designed the ratio of the two-speed I-AMT and optimized the shifting process, and their research proved that the two-speed I-AMT can improve economy and power [16]. Jeoung et al. applied a greedy algorithm based on speed prediction to find the optimal gear-shift point for the transmission [17]. Lin et al. used dynamic programming and the k-means algorithm to design and compare the hybrid shifting strategy of the multi-speed AMT of urban buses [18]. Shen et al. proposed a dynamic-programming-based hybrid vehicle shifting strategy and optimized the shifting strategy based on the typical Chinese urban driving cycle [19]. Jain designed the electric vehicle transmission shifting strategy with a genetic algorithm and optimized the shifting strategy with the non-dominated sorting genetic algorithm (NSGA-II) [20]. Liu et al. proposed an optimal shifting strategy of the two-speed automatic transmission for electric vehicles based on a multi-objective cuckoo algorithm, considering braking energy recovery efficiency and driving comfort [21]. The dynamic shifting strategy aims to provide the maximum power for the vehicle, while the economic shifting strategy aims to ensure the best energy-saving performance of the vehicle. The comprehensive shifting strategy strives to select a balance point between the dynamic performance and the economic performance through the optimization algorithm, so that the formulated shifting strategy can take into account these two performances [22]. Therefore, optimization-based comprehensive strategies are now more widely adopted.



However, the economic performance and the dynamic performance of a vehicle are usually contradictory [23], causing the equilibrium point found by the optimization algorithm to hurt both dynamic performance and economic performance. This paper adopts a new concept and proposes a partition gear-shifting strategy. In cases where economic performance needs to be more considered (such as urban driving, low-speed driving, and frequent start-stop road sections), the economic gear-shifting strategy is adopted. In contrast, in cases where dynamic performance needs to be more considered (such as in high-speed driving road sections), the dynamic gear-shifting strategy is adopted. In addition, fuzzy logic is introduced to adjust the shifting strategy online to reduce unnecessary shifting, thus obtaining better driving comfort and improving the service life of the transmission. It should also be noted that drivers can also adjust the shift strategy manually, according to their actual situations.



Most of the existing research focuses on formulating gear-shifting strategies for pure electric vehicle transmissions or optimizing transmission parameters. Some researchers have studied the effects of different power systems, different configurations, and other factors on the performance of new energy vehicles through comparative methods. Granovskii et al. compared traditional vehicles, hybrid electric vehicles, pure electric vehicles, and fuel-cell vehicles from the perspectives of economics and environmental pollution [24]. Li et al. compared the economic performance of modular dual-motor electric vehicles and single-motor electric vehicles [25]. Ragheb et al. compared the climbing ability of fuel-cell hybrid vehicles with internal combustion engine vehicles [26]. Wu et al. proposed a dual-motor electric vehicle model with two configurations of planetary gear and parallel gear and compared it with the traditional single-motor electric vehicle from the perspective of economy [27]. Spanoudakis et al. studied the effect of transmission on electric vehicle energy consumption through experiments [28].



To determine the influence of two-speed automatic transmission on the performance of pure electric vehicles and to explore the possibility of widespread application of two-speed transmissions, this research established two identical pure electric vehicle models, without a transmission system. Then, we compared the economic and dynamic performances of a pure electric vehicle with a two-speed dual-clutch transmission and a vehicle equipped with a single-speed final drive only. Finally, the climbing ability of the pure electric vehicle with the two-speed transmission was verified through rig testing.



There are three perspectives on the possible contributions of this research:




	(1)

	
A partition gear-shifting strategy combining the economic and dynamic performances of pure electric vehicle two-speed transmission was designed, and fuzzy logic was utilized to adjust the partition shifting strategy online.




	(2)

	
Via comparison, the influence of the two-speed transmission on the economic and dynamic performances of the pure electric vehicle was revealed.




	(3)

	
A few contributions to the application of automatic transmission in the field of passenger pure electric vehicles are provided.









The remainder of this paper is structured as follows: the battery model, the motor model, the two-speed dual-clutch transmission model, and the longitudinal dynamics model of vehicles are discussed in Section 2. In Section 3, the design of a partitioned gear-shifting strategy is discussed, fuzzy logic is introduced to adjust the shifting strategy online, and the effect of the online adjustment is verified. In Section 4, the two configurations of pure electric vehicles are compared in terms of economic performance and dynamic performance, and the simulation results are analyzed. The research contents of this paper are summarized in Section 5.




2. Powertrain Structure and System Modeling


In this paper, the research target was to investigate the effect of a two-speed transmission on the performance of pure electric vehicles. The configurations of a pure electric vehicle equipped with a two-speed dry dual-clutch transmission (EVT) and an electric vehicle without transmission (EV) are shown in Figure 1a,b, respectively. The components of the EVT included a motor, a converter, a battery pack, a two-speed dry dual-clutch automatic transmission (2DCT), a final drive, and a differential. Except for the transmission, the other components of the EV were the same as those of the EVT. The major parameters of the two electric vehicle structures are presented in Table 1, including the essential parameters of the primary components and the vehicle body. To investigate and compare the performance of two electric vehicles, the vehicles and the major components of the powertrain system needed to be modeled.



2.1. Battery Modeling


To facilitate the investigation, a simplified internal resistance model was adopted for the battery, ignoring the effect of temperature on the electrical performance of the battery [29]. The equivalent electric circuit for the battery is shown in Figure 2. The internal resistance characteristic curves and the open-circuit voltage curves are shown in Figure 3a,b, respectively. The output voltage Vout is [30]:


   V  o u t   =  V  o c   −  I  b a t   ⋅  R  i n t    



(1)




where Voc refers to the open circuit voltage, Ibat denotes the battery’s output current, and Rint represents the internal resistance.



The battery’s open circuit voltage and equivalent internal resistance have a mapping relationship with the state of charge (SOC) of the battery when the battery is discharged or charged. The changes in battery currents under the two states can be expressed as:


   I  b a t   =  {                            P d     V  o u t              P c     V  o u t          



(2)




where Pd is the discharge power of the battery and Pc is the charge power of the battery. The table lookup relationship between Pd, Pc, and battery SOC is shown in Figure 3a,b, respectively. Furthermore, the following relationship can be obtained by substituting Equation (1) into Equation (2):


   I  b a t   =    V  o u t   −    (   V  o u t     2  − 4  R  i n t   P  )    0.5     4  R  i n t      



(3)




where P represents the discharge and charging current of the battery. A simplified but reliable SOC estimation based on the ampere integration method was adopted.


  S O C = S O  C  i n t   −  1   C 0      ∫     t     0        I  b a t   d t  



(4)




where SOCint is the initial SOC and C0 is the battery capacity.




2.2. Electric Motor Model


The motor model was established according to its torque characteristics, and the efficiency map. Under the driving mode, the output torque was produced according to the demanding torque and the motor efficiency, then transmitted to the automatic transmission. When the motor was operating under the generator mode, a part of the braking energy was recovered and stored in the battery according to the motor’s efficiency [31]. The output power in driving mode Pm is:


   P m  =  P  r e q    η m  =  T m   n m   



(5)






   η m  = f  (   T m  ,  n m   )   



(6)







The power in generator mode Pg is:


   P g  =    P  r e q      η m    =  T m   n m   



(7)




where ηm denotes the electric motor efficiency, Tm and nm refer to the torque and speed of the motor, respectively, Preq refers to the required power, and Pm and Pg represent the output power of the motor, respectively. The motor selected a permanent magnet synchronous motor (PMSM), and the efficiency of the motor is shown in Figure 4.




2.3. Transmission Model


In this study, the research object was a two-speed dry dual-clutch automatic transmission (2DCT). The transmission was completely self-developed. The first gear transmission ratio i1, the second gear transmission ratio i2, the key parameters of the vehicle are shown in Table 1, the Structure of 2DCT is shown in Figure 5.



The 2DCT includes two operating states under different driving situationsa a gear-switching state and a normal combination state. When the transmission is shifting gears, the two clutches work together. The dynamic balance equation from the motor output shaft to the clutch active friction plate is [32]:


   J m    ω ′  m  =  T m  −  b m   ω m  −  T  c 1   −  T  c 2    



(8)




where Jm denotes the rotational inertia of the motor output shaft and clutch drive shaft; ωm means the angular speed of the output shaft of the motor; bm is the rotational damping coefficient of the motor output shaft; and Tc1 and Tc2 represent the torque transferred by clutch C1 and C2, respectively.


   {       J  c 1     ω ′   c 1   =  T  c 1   −  b  c 1    ω  c 1   −  T 1         J  c 2     ω ′   c 2   =  T  c 2   −  b  c 2    ω  c 2   −  T 2         



(9)




where Jc1, Jc2 represent the rotational inertia of the driven part of C1 and C2, respectively; ωc1, ωc2 are the angular velocities of C1 and C2, respectively; bc1, bc2 are the rotational damping coefficients of driven shafts of C1 and C2, respectively; and T1, T2 are the output torque of the clutch driven shafts, respectively. The clutch output torque is:


   T  c n   =  2 3  s g n  (  Δ ω  )  μ N R  F n   



(10)






  s g n  (  Δ ω  )  =  {      1         ω m  −  ω  c n   > 0           0         ω m  −  ω  c n   = 0           − 1         ω m  −  ω  c n   < 0            



(11)




where n takes 1, 2; R is the clutch equivalence radius; N is the number of clutch working surfaces; Fn is the pressure applied to the clutch; and μ is the friction coefficient of the clutch friction plate. The dynamic balance equation of the clutch output is:


   T 0  =  i 0   (   i 1   T 1  +  i 2   T 2   )   



(12)




where T0 indicates the output torque of transmission.



To drive the vehicle, the output torque of the transmission is delivered to the tires through the drive shaft; the dynamic balance equation at the drive shaft is:


   J w    ω ′  w  =  T w  −  b w   ω w  −  T f   



(13)




where Jw is the rotational inertia of the drive shaft section, ωw is the rotational damping coefficient of the drive shaft section, and Tf is the total resistance torque applied to the wheel.




2.4. Longitudinal Dynamics Model of Vehicle


The longitudinal dynamics model of vehicles can be described as [33]:


     T  r q    i n   i 0   η t   r  = m g f c o s α + m g s i n α +    C d  A   21.15    v 2  + δ m   d v   d t    



(14)




where Trq is the driving torque demand, ηt is the efficiency of transmission, m is the mass of the vehicle, g is the gravity acceleration, f is the coefficient of rolling resistance, α is the angle of the road slope, A is the frontal area of the vehicle, v is the velocity of the vehicle, Cd is the drag coefficient, and δ is the coefficient of rotational mass conversion.


  δ = 1 +    ∑   J w      m  r 2    +    J f   i n    2   i 0    2   η t    m  r 2     



(15)




where Jw is the rotational inertia of the wheel and Jf is the moment of inertia of the flywheel.





3. Gear-Shifting Strategy


The rule-based gear-shifting strategy is divided into an economic strategy and a dynamic strategy, etc. A rule-based shifting strategy usually considers a certain type of performance only; although it is unable to cover all targets, it can maximize one single performance with more reliability. The economic shifting strategy selects gears that enable the motor to work more efficiently. The dynamic shifting strategy selects gears with higher acceleration to ensure a greater acceleration. In this paper, a partitioned shifting strategy was adopted, combining the economic strategy with the dynamic strategy. While a vehicle is driving at low and medium speeds (below 80 km/h), in the case of urban roads and rural roads, the economic shifting strategy is adopted to ensure that the vehicle is more energy efficient. During a high-speed range (speeds over 80 km/h), for example on highways and expressways, the dynamic shifting strategy is applied to make sure the vehicle has strong power. The VCU will select the shifting strategy according to the average driving speed at the last minute. When the average speed is less than 80 km/h, the economic shifting strategy will be selected; otherwise, the dynamic shifting strategy will be selected. In addition, drivers can change the strategy manually, according to their actual situations and requirements.



3.1. Economic Gear-Shifting Strategy


The principle of the economic shifting strategy is to select the intersection of motor efficiency curves at different gears as the optimal shifting point under the certain accelerator pedal opening degree. The curves of motor efficiency at different accelerator pedal openings can be obtained according to vehicle speed.


   η m  = f  (   T m  ,    i n   i 0  v   0.377 r    )   



(16)







In this study, 20%, 40%, 60%, 80%, and 100% accelerator pedal openings were selected to design the efficiency curves. The motor efficiency curves at different accelerator pedal openings and the economic shifting curves are shown in Figure 6a,b, respectively.



The economic shifting curve obtained by the above method is the upshift curve. The downshift curve is usually chosen to be another curve when the shifting speed is lower than the upshift curve. In this paper, a divergent shift rule was used to determine the economic downshift curve. This meant that the magnitude of the downshift speed delay increased with the increase of the accelerator pedal opening.



With the pedal opening decrease, the speed delay of downshifting becomes smaller, which leads to shifting easily into higher gears, thereby ensuring less energy consumption. When the pedal opening increases, the speed delay of downshifting becomes larger, which is beneficial in reducing invalid shifts.




3.2. Dynamic Gear-Shifting Strategy


The principle of the dynamic shifting strategy is to select the intersection of the vehicle acceleration curves at different gears as the optimal shifting point under the certain accelerator pedal opening degree. The curves of vehicle acceleration at different accelerator pedal openings can be obtained according to vehicle speed and Equation (17) [34].


  a =  1  δ m    (     T  r q    i n   i 0   η t   r  − m g f c o s α − m g s i n α −    C d  A  v 2    21.15    )   



(17)







Accelerator pedal openings of 20%, 40%, 60%, 80%, and 100% were selected to design the acceleration shifting curves. The vehicle acceleration curves at different accelerator pedal openings and the dynamic shifting curves are shown in Figure 7a,b, respectively.



The dynamic shifting curve obtained by the above method is the upshift curve. The downshift curve was also chosen to be another curve when the shifting speed was lower than the upshift curve. In this paper, a convergent shift rule was used to determine the dynamic downshift curve. This meant that the magnitude of the downshift speed delay decreased with the increase in the accelerator pedal opening.



With the pedal opening increase, the speed delay of downshifting becomes smaller, which leads to shifting easily into lower gears, thus ensuring better dynamic performance. When the pedal opening decreases, the speed delay becomes larger, which is favorable in reducing invalid shifts.




3.3. Gear-Shifting Strategy Online Modification


Due to the characteristics of pure electric vehicles, the motor speed is usually high during gear-shifting, which leads to greater abrasion of the dual-clutch transmission. If there is frequent and meaningless shifting, the service life of the transmission will be seriously diminished, and the jerk of shifting will also diminish driving comfort, which hinders the widespread application of the dual-clutch transmission on pure electric vehicles. This study proposes an adjustment strategy based on fuzzy logic by introducing a third shift parameter considering the dynamic characteristics of the vehicle and making online modifications to the original partitioned shifting strategy to alleviate this problem.



The partitioned shifting strategy can meet the requirements of saving energy in low-speed driving conditions and ensuring dynamic performance in a high-speed situation. However, the strategy is based on the steady-state characteristics of the motor, ignoring the dynamic characteristics of the vehicle while it is moving. The accelerator pedal opening and the speed of the vehicle are utilized as the shifting control parameters. The speed reflects the state of the vehicle’s movement, and the opening of the accelerator pedal reflects the driver’s driving state.



Vehicle acceleration was introduced as the third variable for the economic shifting strategy, together with the vehicle speed and the accelerator pedal opening as the input of the fuzzy logic. Acceleration was chosen because, while adopting an economic shifting strategy, the power should be guaranteed as much as possible. The vehicle acceleration as a dynamic parameter reflects the driver’s intention, which can be taken into account to adjust the shifting strategy. The adjustment amount of the shifting curves is considered an output variable. The online adjustment of the shifting curve enables the strategy to integrate the driver’s intention, which makes the strategy more reasonable, thereby reducing the number of invalid gearshifts. The vehicle speed, the accelerator pedal opening, and the vehicle acceleration were in the range of 0 to 80, 0 to 1, and −5 to 5, respectively. The range of the output was −8 to 8. In the fuzzy rules of the economic shifting strategy, the membership functions of the input and output variables are as shown in Figure 8.



According to the characteristics of the input variables, fuzzy rules were established according to each variable, and a total of 84 rules were formulated based on engineering experience. The characteristic maps of fuzzy logic are shown in Figure 9a,b, respectively. The principle of fuzzy rules design is that the higher the speed of the vehicle, the greater the adjustment; the higher the absolute value of vehicle acceleration, the larger the absolute value of adjustment; the larger the opening of the accelerator pedal, the smaller the adjustment; when the acceleration is positive, the amount of adjustment is negative; when the acceleration is negative, the amount of adjustment is positive. The strategy was modified online, depending on the output variables of the fuzzy logic.



The change rate of the accelerator pedal opening was introduced as the third variable for the dynamic shifting strategy, together with the vehicle speed and the accelerator pedal opening as the input of the fuzzy logic. The change rate of the accelerator pedal was chosen because the driver’s desire for acceleration should be considered more deeply when the dynamic shifting strategy is adopted. As a dynamic parameter, the accelerator pedal change rate can more accurately reflect the driver’s intention, which can be taken into account to adjust the gear-shifting strategy. The adjustment amount of the shifting curves was considered an output variable. The online adjustment of the shifting curve enabled the strategy to be more in line with the driver’s intention, which made the strategy more reasonable, thereby reducing the number of invalid gearshifts. The vehicle speed, the accelerator pedal opening, and the accelerator pedal opening change rate are in the range of 80 to 120, 0 to 1, and −70 to 70, respectively. The range of the output variable is −8 to 8. In the fuzzy rules of dynamic shifting strategy, the membership functions of the variables are as shown in Figure 10.



There were also 84 rules for the fuzzy logic of dynamic shifting strategy; the characteristic maps of fuzzy logic are shown in Figure 11a,b, respectively. The principle of fuzzy rules design is that the higher the speed of the vehicle, the greater the adjustment; the higher the absolute value of the change rate of accelerator pedal opening, the larger the absolute value of adjustment; the larger the opening of the accelerator pedal, the smaller the adjustment; when the accelerator pedal opening change rate is positive, the amount of speed adjustment is negative; and when the change rate is negative, the amount of speed adjustment is positive. When fuzzy logic strategy is integrated in the TCU controller, the overall control system framework is as shown in Figure 12.



In this study, NEDC, UDDS, and WLTC driving cycles were adopted to verify the online modification effect of the fuzzy logic on the shifting strategy. The three driving cycles and vehicle speed tracking are shown in Figure 13a,c,e, respectively. As can be seen from the figures, the vehicle speed was tracked well. The gearshifts before and after the online modification under these three driving cycles are shown in Figure 13b,d,f, respectively.



As shown in Figure 13b, under the NEDC driving cycle, the 2DCT was shifted 12 times before the online modification; after the modification, the number of gearshifts dropped to 10. We eliminated one upshift and one downshift that had very short intervals. As shown in Figure 13d, in the UDDS driving cycle, the gearshift times of the 2DCT before and after the online modification were 46 and 32, respectively, which were reduced by 14 times. It should be noted that before the online modification, the vehicle experienced frequent invalid gearshifts around 50 s and around 200 s, which will damage the clutches, reduce their working life, and affect driving comfort. Fortunately, this phenomenon was significantly reduced after modification. In addition, at other stages during the entire driving cycle, the modification strategy worked, reducing some of the invalid gearshifts.



As shown in Figure 13f, under the WLTC driving cycle, the gearshift times of the 2DCT before and after the online modification were 38 and 26, respectively, which were reduced 12 times. It is worth noting that among the 12 reduced shifts, 10 were invalid frequent shifts, at about 960 s, 1165 s, 1400 s, 1550 s, etc. Overall, the fuzzy logic online modification had good performance and could correct the deficiencies of the previous shifting strategy.





4. Comparison and Verification


4.1. Comparison of Vehicle Economic Performance


Motor efficiency is critical to economic performance. The three driving cycles, NEDC, UDDS, and WLTC, were applied for the EVT and its gear-shifting strategy to verify the motor efficiency. The motor efficiency curves of the three driving cycles are shown in Figure 14a–c, respectively.



As shown in Figure 14a, in the NEDC driving cycle, the motor efficiency of the EVT was higher than that of the EV most of the time, especially when the vehicle was driven in the high-speed driving phase. According to the shifting strategy, the 2DCT shifted to the second gear state in this phase, and obviously, the working efficiency of the EVT motor was significantly higher than that of the EV in this phase.



As shown in Figure 14b, in the UDDS driving cycle, the motor working efficiency of the EVT was higher than that of the EV in most cases, but the gap was not huge. However, in some relatively high-speed periods, such as 220 s to 340 s, the motor efficiency of the EVT was much higher than that of the EV, because the 2DCT was in second gear state during these periods.



As shown in Figure 14c, under the WLTC driving cycle, the motor efficiencies of the EVT and the EV were not much different in the low-speed period. With increases in the vehicle speed, the motor efficiency of the EVT was slightly higher than that of the EV in the medium speed periods, such as 840 s to 960 s, because the 2DCT switched between first and second gear more frequently during this period. In the high-speed period, since the 2DCT often stays in the second gear state, the motor efficiency of the EVT was significantly higher than that of the EV. These phenomena show that the 2DCT can enhance the efficiency of the motor.



The battery SOC curves of two types of vehicles in the NEDC, UDDS, and WLTC driving cycles are shown in Figure 15a–c, respectively. The braking recovery energy curves are shown in Figure 16a–c, respectively. The final values of the SOC and the braking energy recovery are shown in Table 2. The braking energy was recovered according to a fixed proportion; 30% of the total braking energy was recovered.



As shown in Figure 15a and Figure 16a, the SOC curve of the EVT was not much different than that of the EV under the NEDC driving cycle; the braking recovery energy of the EVT was 6.05 kJ higher than that of the EV. According to Figure 15b and Figure 16b, in the UDDS driving cycle, the SOC curve of the EVT declined more slowly than that of the EV, and the final value improved by 0.09%; the braking recovery energy of the EVT increased by 7.6%. These changes were due to the UDDS driving cycle being more complicated and having more braking periods. With the driving time increases, the gap between the SOC curves and the gap between the braking recovery energy curves both increased, which meant that the longer the driving distance, the more energy the EVT saved. As shown in Figure 15c and Figure 16c, under the WLTC driving cycle, the SOC curve of the EVT declined more slowly than that of the EV; the final values have improved by 0.19%, and the braking recovery energy of the EVT increased by 18.25%. This was because the 2DCT was in the second gear state during the high-speed period, which reduced the motor speed so that the motor could work in a more efficient range whether it was driving or braking. Like the UDDS, with the increase in driving time, the gap between the SOC curves and between the braking recovery energy curves increased.



In summary, the EVT is superior to the EV in terms of economic performance, and the 2DCT made a significant contribution to this superiority. Moreover, for the EVT, the energy-saving control strategy can be more optimized, which also provides a greater potential for energy-saving.




4.2. Comparison of Vehicle Dynamic Performance


Considering the acceleration time, the climbing ability, and the maximum speed, the dynamic performances of the EVT and the EV were compared and analyzed. Acceleration time reflects the acceleration ability of the vehicle and is one of the most critical indicators of vehicle dynamic performance. The acceleration times from 0 to 100 km/h and 0 to 50 km/h for the EVT and the EV on a flat road with a slope of 0% are shown in Figure 17a,b, respectively. The acceleration times in the 4% road slope are shown in Figure 17c,d, and the acceleration times in the 6% road slope are shown in Figure 17e,f.



The acceleration times of the EVT and the EV are shown in Table 3.



Compared with the EV, the 0–100 km/h acceleration time of the EVT increased by 15.55% and the 0–50 km/h acceleration time increased by 32.29% on the level road. The 0–100 km/h acceleration time of the EVT increased by 17.64% and the 0–50 km/h acceleration time increased by 36.53% at the 4% road slope. At the 6% road slope, the 0–100 km/h acceleration time of the EVT increased by 19.11% and the 0–50 km/h acceleration time increased by 39.62%. In summary, the acceleration ability of the EVT was greatly improved, especially at 0–50 km/h. Specifically, it improved even more in climbing situations, and as the road slope increased, the improvement was more obvious. The maximum vehicle speeds of the EVT and the EV on the level roads and the maximum climbing slopes at a speed of 30 km/h, respectively, are shown in Table 4.



The maximum climbing slope of the EVT increased by 32.4% compared to the EV at a 30 km/h vehicle speed. The theoretical maximum speed of the EVT improved by 34%, compared to that of the EV. The above changes show that equipping with the 2DCT significantly improved the dynamic performance of pure electric vehicles.




4.3. Rig Testing


To prove the accuracy of the model and simulation, a test rig was used to verify the climbing ability of the EVT. The test rig consisted of a power supply, a motor, a transmission, wheels, flywheels, MCU, TCU, a magnetic powder brake, a host computer, etc. The structure of the test rig is shown in Figure 18 and Figure 19. The resistance of the vehicle when it was running is shown in Equation (18) and Equation (19), respectively.


   F z  =  F f  +  F g  +  F a  +  F i   



(18)






   {       F f  = m g f c o s α        F g  = m g s i n α        F a  =    C d  A   21.15    v 2         F i  = δ m   d v   d t          



(19)




where Fz, Ff, Fg, Fa, and Fi are the driving resistance, the rolling resistance, the slope resistance, the air resistance, and the acceleration resistance, respectively.



When the vehicle drove on a level road at a speed of 30 km/h, the driving resistance was 168 N and the torque on the wheels was 52 Nm. When the road slope became 36%, the driving resistance of the vehicle was 5994.9 N and the torque on the wheels was 1858.4 Nm.



The reference speed and the actual speed are shown in Figure 20a. The reference speed gradually increased from 0 to 30 km/h, reaching 30 km/h at 187 s. The test rig accelerated during the period from 0 to 187 s and the actual speed reached 30 km/h at 187 s. The torque curve of the magnetic powder brake is shown in Figure 20b. To simulate the resistance at 30 km/h, the braking torque of the magnetic powder brake was 52 Nm during the period from 0 to 200 s. Then, it increased during the period from 200 to 491 s and reached 1858.4 Nm at 491 s. From this moment, the test rig started to simulate the resistance of driving on a 36% slope road at a speed of 30 km/h. As can be seen from Figure 20, the test rig could drive normally.





5. Conclusions


In this paper, an EV equipped with a two-speed DCT was used as the research target to study the effect of the 2DCT on the performance of electric vehicles. A rule-based partitioned gear-shifting strategy was designed, which combined the economic shifting strategy with the dynamic shifting strategy. Fuzzy logic was introduced to modify the gear-shifting strategy online and was proven to be effective in reducing unnecessary shifts, thereby increasing driving comfort and transmission working life. The model of the EVT and the EV were established based on Matlab/Simulink. The motor working efficiency, the battery SOC curve, and the braking energy recovery were compared under three driving cycles of NEDC, UDDS and WLTC. The EVT outperformed the EV in all of these aspects. According to the research results, in a vehicle equipped with a two-speed transmission, the rotation speed of the motor can be adjusted by shifting gears, allowing the motor to work more effectively in both drive mode and brake recovery mode; thus, the EVT can achieve better economic performance. In addition, when the vehicle is running at a relatively low speed, the two-speed transmission stays in first gear with a larger ratio, which provides the vehicle with greater torque; therefore, the EVT has greater acceleration and climbing ability than the EV. When the vehicle speed is high, the transmission stays in second gear with a smaller ratio, which leads the vehicle to be able to reach a higher speed than that of the EV. With the support of the two-speed transmission, the EVT has better dynamic performance. Finally, the maximum climbing capacity of the EVT was verified by the rig test.



In the future, the effect of various shifting strategies on vehicle performance will be investigated. The impact of shifting jerk on driving comfort during high-speed shifts will also be investigated to further explore the value of two-speed transmissions for widespread use in EVs. In addition, the braking energy recovery strategy will be studied.
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Figure 1. Configurations of EVT and EV: (a) EVT; (b) EV. 
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Figure 2. Equivalent circuit of the battery. 
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Figure 3. (a) Internal resistance of the battery; (b) open circuit of the voltage of the battery. 
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Figure 4. Motor efficiency map: (a) 3-D efficiency map; (b) Contour efficiency map. 






Figure 4. Motor efficiency map: (a) 3-D efficiency map; (b) Contour efficiency map.



[image: Energies 16 03007 g004]







[image: Energies 16 03007 g005 550] 





Figure 5. 2DCT transmission structure schematic diagram. 
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Figure 6. Economic shifting strategy: (a) motor efficiency curves; (b) economic shift curves. 
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Figure 7. Dynamic shifting strategy: (a) vehicle acceleration curves; (b) dynamic shift curves. 
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Figure 8. Membership functions of the input and output variables in fuzzy rules of economic shifting strategy. 
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Figure 9. Characteristic maps of fuzzy logic in economic shifting strategy: (a) Fuzzy logic for speed, acceleration and adjustment; (b) Fuzzy logic for pedal opening, acceleration and adjustment. 






Figure 9. Characteristic maps of fuzzy logic in economic shifting strategy: (a) Fuzzy logic for speed, acceleration and adjustment; (b) Fuzzy logic for pedal opening, acceleration and adjustment.



[image: Energies 16 03007 g009]







[image: Energies 16 03007 g010 550] 





Figure 10. Membership functions of the input and output variables in fuzzy rules of dynamic shifting strategy. 
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Figure 11. Characteristic maps of fuzzy logic in dynamic shifting strategy: (a) Fuzzy logic for speed, pedal change rate and adjustment; (b) Fuzzy logic for pedal opening, pedal change rate and adjustment. 
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Figure 12. Control system framework. 
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Figure 13. Vehicle speed tracking and gearshifts trajectories: (a) NEDC driving cycle; (b) Gear position; (c) UDDS driving cycle; (d) Gear position; (e) WLTC driving cycle; (f) Gear position. 
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Figure 14. Motor efficiency in three driving cycles: (a) Efficiency under NEDC driving cycle; (b) Efficiency under UDDS driving cycle; (c) Efficiency under WLTC driving cycle. 
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Figure 15. Battery SOC curves in three driving cycles: (a) NEDC driving cycle; (b) UDDS driving cycle; (c) WLTC driving cycle. 
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Figure 16. Braking recovery energy curves in three driving cycles: (a) NEDC driving cycle; (b) UDDS driving cycle; (c) WLTC driving cycle. 
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Figure 17. Acceleration time at different road slopes: (a) Acceleration time from 0 to 100 km/h at 0% slope; (b) Acceleration time from 0 to 50 km/h at 0% slope; (c) Acceleration time from 0 to 100 km/h at 4% slope; (d) Acceleration time from 0 to 50 km/h at 4% slope; (e) Acceleration time from 0 to 100 km/h at 6% slope; (f) Acceleration time from 0 to 50 km/h at 6% slope. 
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Figure 18. Testing rig. 
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Figure 19. Testing rig composition frame. 
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Figure 20. Test conditions and results: (a) Vehicle speed tracking; (b) Brake torque trajectory. 
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Table 1. The parameters of EVT and EV.
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	Item
	Parameter
	Unit
	Value





	Vehicle
	Vehicle mass (EVT)
	kg
	1758



	
	Vehicle mass (EV)
	kg
	1730



	
	Rolling resistance coefficient
	
	0.0083



	
	Rotating mass conversion factor
	
	1.08



	
	Air resistance coefficient
	
	0.28



	
	Vehicle frontal area
	m2
	2.1



	
	Dynamic radius of the wheel
	m
	0.31



	Battery
	Rated capacity
	Ah
	88.24



	
	Battery voltage
	V
	340



	Motor
	Peak power
	kw
	110



	
	Peak speed
	r/min
	12,000



	
	Peak torque
	Nm
	230



	Transmission
	First gear ratio
	
	3



	
	Second gear ratio
	
	1.19



	Final Drive
	Final drive ratio (EVT)
	
	3.91



	
	Final drive ratio (EV)
	
	8.28
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Table 2. The final value of battery SOC and braking energy recovery.
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Drive Cycle

	
Vehicle Type

	
Final SOC (%)

	
Braking Recovery Energy (kJ)






	
NEDC

	
EVT

	
65.89

	
578.69




	
EV

	
65.88

	
572.64




	
UDDS

	
EVT

	
65.47

	
908.43




	
EV

	
65.38

	
844.60




	
WLTC

	
EVT

	
60.16

	
1131.90




	
EV

	
59.97

	
957.15
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Table 3. Acceleration times of EVT and EV.
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Slope

	
Vehicle Type

	
0~100 km/h (s)

	
0~50 km/h (s)






	
0%

	
EVT

	
9.45

	
3.72




	
EV

	
11.19

	
5.48




	
4%

	
EVT

	
10.97

	
4.17




	
EV

	
13.32

	
6.57




	
6%

	
EVT

	
11.98

	
4.45




	
EV

	
14.81

	
7.37
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Table 4. Maximum climbing slopes and vehicle speeds of EVT and EV.
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	Vehicle Type
	Max Slope
	Max Speed





	EVT
	36%
	228 km/h



	EV
	25%
	169 km/h
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