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Abstract

:

The low mechanical efficiency of metal belt’s continuously variable transmission (CVT) limits its application in new energy vehicles. To further improve CVT efficiency and reduce the energy consumption of electric vehicles (EVs) with CVT, this paper proposes a pure electric CVT configuration and a clamping force control strategy. The slip characteristics of CVT are obtained through a bench test, the dynamic model of CVT slip is established, and a clamping force fuzzy control strategy is designed. The strategy is studied by simulation under extreme conditions and standard driving cycles. The simulation results show that the proposed clamping force control strategy has good adaptability. Under extreme conditions, this strategy can ensure that CVT does not undergo macro slip, while reducing the clamping force by 12.86–21.65%. Energy consumption per 100 km is 14.90 kWh in NEDC, which is 6.67% lower compared with the traditional strategy. CVT average efficiency and average transmission efficiency increased by 3.71% and 6.40%. The research results demonstrate that adjusting the CVT clamping force through fuzzy control based on the slip rate can improve the CVT efficiency and energy economy of EVs, which provides a certain reference for CVT clamping force control strategy development and the application of CVT on EVs.
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1. Introduction


With the intensifying of the energy crisis and environmental pollution, many government departments have formulated increasingly strict regulations to limit vehicle energy consumption and pollutant emissions [1]. EVs are considered to be a suitable substitute for traditional vehicles because of the environmental protection, low noise, and small operating costs [2,3], which have received acute attention from automakers and consumers.



Nowadays, single-speed transmissions are used in most mass-produced EVs to save costs, such as the Volkswagen e-Golf, Nissan Leaf, and others [4]. However, since the ability to adjust the motor is very limited, the single-speed transmission sacrifices some energy economy [5]. To further improve the overall efficiency, experts and scholars have begun to study the application of multi-speed transmissions to EVs. Several studies have shown that two-speed and other multi-speed transmissions can improve the transmission efficiency of EVs, thereby enhancing vehicle dynamics [6,7,8,9]. Some scholars developed novel multi-speed transmissions for EVs to improve vehicle energy economy [10,11,12]. Additionally, the shift strategy of multi-speed transmission has also become the focus of research, and a variety of shift strategies for multi-speed transmission have been proposed in the literature [13,14,15]. Corresponding controllers have been developed to enhance vehicle efficiency and improve driving comfort. As can be seen from the above documents, multi-speed has become an inevitable trend for transmission for EVs. Some developed EVs have recently begun to apply multi-speed transmissions, such as BMW i8 and Volvo XC90 [16].



The CVT can realize the continuous change of ratio within a certain speed ratio range. The characteristics of continuously variable ratio can adjust the motor operating point more flexibly, improving vehicle energy economy [17]. The literature [18,19] compares CVT and multi-speed transmissions through simulation. The results show that CVT is the most potential and ideal transmission for EVs. However, the study did not consider the effect of CVT efficiency, which resulted in a low energy-saving effect. Ruan et al. compared the impact of different transmissions on the performance and cost of EVs through simulation. EVs with CVT show lower energy consumption and stronger power, while CVT can save customers’ money from a long-term perspective [4,20]. Research [21] compared CVT and single-speed transmission through experiments and found that CVT brings a 4.3% reduction in energy consumption for EVs. In addition, some scholars design CVT speed ratio control strategies to improve the transmission system efficiency for EVs [17,22]. The existing research on electric CVT focuses on the qualitative comparative analysis of different transmissions, few pieces of literature conduct in-depth research on the efficiency of CVT for EVs. However, the CVT efficiency is between 75% and 90% depending on the work conditions [23]. The impact of CVT efficiency on the energy consumption of EVs cannot be ignored, which is necessary to conduct relevant research.



The slip characteristic is an inherent characteristic of the metal belt CVT. Proper slip can improve the CVT efficiency, while excessive slip would cause damage to the CVT. How to make the CVT work in the high-efficiency slip range has always been the focus of CVT research. In recent years, more and more scholars have conducted research on slip control methods. Asayama et al. and Kobyyashi et al. conducted research from the perspective of theory and experimentation by analyzing the relationship between clamping force and slip rate [24,25]. Kim et al. investigated the metal V-belt behavior of CVT both analytically and experimentally. They obtained the ratio-torque load-axial force relationship and found that the torque transfer capability of the driven side determines the overall slip [26]. Nishizawa et al. studied the friction characteristics between the CVT metal belt and the pulley and proposed a friction model and obtained the power transmission state near the macro slip limit [27]. Tarutani et al. established an effective model of CVT load distribution, analyzed the influence of slip velocity on power transmission, and verified the validity of the calculation results through experiments [28]. Bonsen et al. and Klaassen et al. studied the slip characteristics of metal belts by combining theory with experiments. They propose a CVT slip model and develop corresponding slip control controllers. The research results show that controlling the slip can improve CVT efficiency [29,30,31]. In the literature [32,33,34,35], various controllers such as the adaptive PI controller and LQR controller are designed to improve the effect of slip control. Simulation results show that the designed controller can improve the efficiency of CVT without losing robustness. Additionally, Zhu et al. established a vehicle driving state identification method and analyzed the feasibility of slip control in unsteady states. They proposed a clamping force control method in the unsteady states and verified the method through experiments [36]. Ji et al. studied the power transfer characteristics under different slip regions under external vibration conditions. The results indicate that there are differences in the external vibration transfer characteristics between the micro-slip region and the macro-slip region [37]. The mentioned documents mostly study CVT slip characteristics separately from experiments or combine CVT slip control with traditional vehicles, and few studies combine EVs with CVT slip control for efficiency optimization research.



This paper presents a pure electric CVT configuration, and a clamping force fuzzy control strategy based on slip characteristics. CVT slip dynamic model and vehicle simulation model are established. The feasibility of the proposed clamping force control strategy and the superiority over the traditional clamping force control strategy are verified by simulation. The structure of this article is as follows: Section 2 introduces the configuration of pure electric CVT. Section 3 describes the slip principle of belt CVT. Section 4 accomplishes CVT slip dynamic model and vehicle model modeling. Section 5 performs the slip characteristic test. Section 6 describes the CVT clamping force control strategy. Section 7 analyzes and discusses the simulation results. Finally, the conclusion is summarized in Section 8.




2. Configuration of Electric Vehicle with CVT


The configuration of the pure electric CVT proposed in this paper is shown in Figure 1. The structure is similar to that of the traditional CVT structure, but the hydraulic torque converter and clutch are eliminated according to functional requirements. The hydraulic system employs the electric oil pump (EOP) as the power source, which can realize the independent drive of the oil pump.



Figure 2 displays the hydraulic system construction for the pure electric CVT. The oil pump is driven by a separate motor rather than coupled with the speed of the drive motor. The oil circuit can be divided into three parts according to the oil pressure. The first part provides pressure on the secondary side, which is used to control the clamping force of the CVT and ensure the torque transmission. The second part supplies pressure for CVT speed ratio adjustment. The third part is used to cool and lubricate the components of the transmission system.




3. Belt CVT Slip Principle


The metal belt CVT transmission mode is friction transmission. The clamping forces of the hydraulic cylinders exert on the primary and secondary pulleys, and the metal belt transmits torque from the primary side to the secondary side through friction. To ensure the reliability of power transmission, the following formula is generally used to calculate the clamping force of the secondary pulley:


   F  s e   =    S  f r    T  p m   c o s α   2 μ  R  s e      



(1)




where Fse is the secondary clamping force, Sfr is the safety factor, Tpm is the transmitted torque, α is the cone angle of the pulley, μ is the friction coefficient between metal belt and cone plate, and Rse is the effective radius of the secondary pulley.



In the process of metal belt transmission, the metal belt can be divided into two states in the pulley envelope: active arc and idle arc, and the metal belt is divided into the tight side and slack side, as shown in Figure 3.



There is a squeezing force between the metal sheets at the tight side, while the slack side has no squeezing force. Due to the gap inconsistency between the tight side and slack side, the pulley will slip during transmission [25]. The slip rate s can be expressed as:


  s = 1 −    i r     i o     



(2)






   i o  =    n  p m      n  s e      



(3)




where ir is the speed ratio without load, and io is the actual speed ratio, npm is the primary pulley speed, and nse is the secondary pulley speed.



When the clamping force is constant, DROGEN et al. divided the CVT slip into the macro slip and micro slip under the condition of certain clamping force [38], as shown in Figure 4. Macro slip is commonly referred to as metal belt slip. It could cause rapid wear of the steel belt and affect the transmission, which should be avoided as much as possible.




4. Vehicle and CVT Dynamic Models


4.1. Vehicle Dynamics Model


The vehicle is subjected to the following resistances during driving: rolling resistance Ff, air resistance Fw, climbing resistance Fi, and acceleration resistance Fj. The driving force of the vehicle is balanced with the resultant force of these forces. Therefore, the vehicle dynamics model can be expressed as:


   F d  =  F f  +  F w  +  F i  +  F j  = m g f cos ϕ +    C D  A v   21.15   + m g sin ϕ + ε m   d v   d t    



(4)




where Fd is the vehicle driving force, m is the mass of the vehicle, g is the acceleration of gravity, f is the wheel rolling resistance coefficient, CD is the air resistance coefficient, A is the frontal area, v is vehicle speed,  ϕ  is the road gradient, and ε is the rotation mass conversion coefficient.




4.2. CVT Slip Dynamic Model


To reduce the difficulty of constructing the CVT slip model, several assumptions are made as follows. 1. Ignore the elasticity of the transmission shaft and the vibration during transmission; 2. assume that there is no gap between the shaft and the cone plate; 3. ignore some system damping; 4. ignore the influence of the hydraulic system on CVT transmission characteristics; and 5. use the geometric speed ratio ig to replace the no-load speed ratio ir, because the geometric speed ratio can be calculated from the displacement sensor data.


   i g  =    R  s e      R  p m      



(5)




where Rpm is the effective radius of the primary pulley when the speed ratio is ig.



The CVT transmission system is shown in Figure 5. The transmission model reflects the relationship between input and output and is appropriately simplified when modeling. The specific mathematical model is as follows:


   I p    d  n  p m     d t   =  T  e m   −  T  p m    



(6)






   n  p m   =  i  c v t    n  s e    



(7)






   T  s e   =  T  p m    i  c v t    η b   



(8)






    d  n  p m     d t   =  i  c v t     d  n  s e     d t   +  n s    d  i  c v t     d t    



(9)




where Ip and Is are the input and output moments of inertia of the CVT, Tem is the motor torque, Tq is the torque of the wheel drive shaft, Tse are the torque secondary pulley, if is the speed ratio of final drive, icvt is the speed ratio of CVT, and ηb is the efficiency of the metal belt.



Combining Equations (2), (3) and (5):


   s ·  =      n ·    s e    n  p m   −  n  s e      n ·    p m       n  s e   2   i o     



(10)







Combining Equations (5)–(10) can obtain the mathematical CVT slip model:


   s ·  =   ( 1 − s )    n  s e     (    T L     I  s e     −   2  F  s e    R  s e   μ    I  se   c o s α   ) +  1   n  s e    i o    (  T  e m   −   2  F  s e    R  s e   μ    i o   I  p m   c o s α   )  



(11)








4.3. EOP Model


The EOP was selected as the power source for the hydraulic system. The oil pump is driven by a separate oil pump motor and is not affected by the drive motor. The relationship between the oil pump torque, flow and displacement can be calculated by the following Equations:


   T p  =    P p   V p    2 π  η  j y      



(12)






   Q p  =  V p   n p   η  r x    



(13)






   P p  =    P  s y    V p    60  η  p t      



(14)




where Tp is oil pump torque, Pp is the pressure difference of the oil pump, Vp is oil pump displacement, Qp is the hydraulic oil flow rate, np is oil pump speed, Psy is system pressure, ηjy is oil pump hydro-mechanical efficiency, ηrx is oil pump volumetric efficiency, and ηpt is the overall efficiency of the oil pump.



Since this paper focuses on the study of CVT clamping force control, the EOP control strategy is not considered in this article. It is assumed that the transmission control unit (TCU) can automatically adjust the EOP speed according to the system flow demand, realizing the active control of the system flow.




4.4. Model Integration


The simulation system is presented in Figure 6, including the driver model, vehicle model, motor model, and the CVT slip dynamic model. The simulation system takes the target vehicle speed vves as the input and the driver model outputs the accelerator opening hap and brake pedal opening hbr. The transmission system transfers the wheel speed nwh and torque Tq to the vehicle model to perform the simulation.





5. CVT Slip-Efficiency Characteristic Test


Within a certain slip rate, the friction coefficient and the mechanical efficiency of CVT show the same trend-first increase to the peak and then decrease [27,28]. Thus, the efficiency can be improved by reasonably controlling CVT slip. To design a clamping force control strategy, it is necessary to obtain accurate CVT slip characteristics and their relationship with efficiency. Therefore, a slip characteristic test bench was built. Figure 7 is the schematic diagram of the test bench, and the actual slip test bench is shown in Figure 8. The test device is mainly composed of drive motor, load motor, CVT, TCU, various sensors, and data acquisition system. The drive motor shaft is directly connected to the primary pulley, and the load motor simulates the road load. Considering the influence of oil temperature on the efficiency of CVT, the oil temperature was stabilized at 90 ± 5 °C during the experiment.



The experimental transmission is a Chinese company self-developed CVT. CVT-related parameters are given in Table 1. The slip rate is defined by the geometric speed ratio and the actual speed ratio, as shown in Equation (2). During the experiment, the actual speed ratio is calculated by data from the primary and secondary speed sensors. The geometric speed ratio is the ratio of the radius of the primary and secondary pulley, which cannot be obtained directly. It can be calculated indirectly through the axial displacement of primary and secondary cone plates measured by the displacement sensors. Here, the calculation of the radius of the primary pulley is taken as an example, as shown in Figure 9. The specifications and parameters of various sensors and other components are shown in Table 2. The actual radius of the primary and secondary pulley can be expressed as:


   R  p m   =  R  p m i n   +    x p    2 tan α    



(15)






   R  s e   =  R  s m i n   +    x s    2 tan α    



(16)




where xp and xs are the displacement of the movable cone plate of the primary and secondary pulleys. Rpmin and Rsmin are the radius of the primary and secondary pulleys when xp = 0 and xs = 0.



Based on the consideration of the typical working conditions of CVT, the efficiency characteristic tests under different speed ratios, input speeds, and torques were carried out, respectively. The setting of working conditions is shown in Table 3. In the test, the speed and torque of the drive motor and the load motor are measured by the speed-torque sensors, and the CVT efficiency is calculated by the following formula:


   η  c v t   =    T  e 2    n  e 2      T  e 1    n  e 1      



(17)




where Te1 and Te2 are the torque of the drive motor and load motor, and ne1 and ne2 are the speed of the drive motor and load motor.



Figure 10 shows the minimum and maximum efficiency of the transmission mechanism under different test conditions. It can be seen from the Figure that there is a margin of 5–10% between the minimum and maximum efficiency within the slip region. This indicates that the slip has a significant impact on CVT efficiency, and the CVT efficiency can be improved by controlling the slip rate.



Figure 11 shows CVT slip-efficiency characteristics under different test conditions. Figure 11a–c shows similar trends in the CVT efficiency, but the characteristics of the optimal slip rate are not completely the same. The CVT slip-characteristic is more sensitive to the speed ratio, and the slip rate corresponding to the optimal efficiency at different speed ratios is quite different. The input speed has little effect on the CVT slip-efficiency characteristics, the variation of the CVT efficiency is within 2%. It is worth noting that the slip rate under the optimal efficiency hardly changes with the input speed and torque in Figure 11a,b. Therefore, the optimal target slip rate can be defined by the speed ratio:


   s  t a r   = f (  i  c v t   )  



(18)








6. Clamping Force Control Strategy


From the principal analysis in Section 3 and the modeling process in Section 4, it can be seen that the clamping force is significant to the transmission performance of the CVT. The torque that the metal belt can transmit is limited by the clamping force. When the input torque is lower than the maximum torque, the macro slip will not occur in the CVT. If the input torque is excessive, it will cause the metal belt to slide and affect the power transmission.



6.1. Traditional Clamping Force Control Strategy


In the traditional clamping force control strategy, the safety factor is set to a larger fixed value to avoid CVT macro slip. In some extreme conditions, the safety factor may be set higher. Setting the clamping force in this way can effectively prevent the metal belt from slip. However, excessive clamping force may result in lower CVT efficiency and higher hydraulic system loss. The traditional CVT clamping force control strategy is shown in Figure 12.




6.2. Clamping Force Fuzzy Control Strategy Based on the Slip Rate


The traditional clamping force control strategy avoids macro slip by setting a large safety factor, which sacrifices some CVT efficiency. As can be seen from Figure 11a, there is a maximum efficiency point for each speed ratio under a certain input condition. To sustain a high mechanical efficiency of the CVT, it is vital to keep the slip rate near the optimal efficiency.



To ensure the slip rate is near the optimal slip rate, this paper proposes a clamping force fuzzy control strategy based on slip rate. This strategy adopts dual closed-loop control, as shown in Figure 13. The inner loop adopts PID control. The controller controls the hydraulic valve and cylinder to adjust the clamping force of the secondary pulley. The fuzzy controller of the outer loop adjusts the dynamic safety factor based on the slip state to correct the target clamping force, facilitating the slip rate to approach the optimal slip rate.



The fuzzy control system is a system with two inputs and one output. The inputs of the controller are the error of slip rate and changing rate of error. Their domains are [−5, −4, −3, −2, −1, 0, 1, 2, 3, 4, 5] and [−8, −6, −4, −2, 0, 2, 4, 6, 8]. The domain of the system output is [1, 1.05, 1.10, 1.20, 1.25, 1.30]. The membership function in the middle part of the input adopts the trigonometric function, and the trapezoidal function is adopted at the two edges. The output membership functions are all trigonometric functions. The fuzzy language variables are the following: NB, NS, ZO, PS, PB. Figure 14 shows the input and output membership functions of the fuzzy system. Table 4 shows the fuzzy control rules.





7. Simulation and Result Analysis


7.1. Simulation Parameter Setting


The simulation parameters are exhibited in Table 5. Subsequent simulations in this Section will be on the basis of the model built in the previous article and the data in the table. The feasibility of the proposed clamping force control strategy and the energy consumption benefits it can bring are investigated by simulation, the reciprocal of the actual safety factor 1/Sfr is defined as:


  1 /  S  f r   =    F  s e n      F  s e r      



(19)




where Fsen is required clamping force, Fser is actual clamping force.



It is generally considered that when the reciprocal of the safety factor is lower than the critical value, the macro slip will not occur in CVT.




7.2. Extreme Conditions Simulation


Figure 15a,b show the simulation results of acceleration and emergency braking conditions. It can be seen that the 1/Sfr of the proposed control strategy in the two working conditions is lower than the critical value. This means that there is no risk of macro slip in the metal belt during transmission. Compared with the traditional safety factor strategy, the clamping force slip fuzzy control strategy can reduce the CVT clamping force. In the two conditions, the clamping force can be reduced by a maximum of 19.49% and 21.65%, respectively. This is because the proposed control strategy can adjust the target clamping force according to the current slip state of the CVT, which leads to a reduction in clamping force. Due to the limited power of the motor, the output torque of the motor drops at about 13 s to ensure the output speed, so the clamping force presents a process of fluctuations.



The simulation results of the road adhesion coefficient abrupt change condition are presented in Figure 16. The vehicle enters the slippery road from a dry road at 20 s and then drives to a dry road again at 70 s. When the road adhesion coefficient changes, the drive tire adhesion rate is consistently lower than the road adhesion coefficient, so the drive wheels will not slip. At the same time, 1/Sfr is lower than the critical value, and there is no macro slip in CVT. Additionally, the clamping force fuzzy control strategy reduces the clamping force to a certain extent.



Synthesizing the simulation results of the three working conditions, it is clear that the clamping force fuzzy control strategy based on slip has good adaptability. The proposed strategy can still ensure the metal belt does not slip under extreme conditions; thus, this strategy is feasible for clamping force control. In the next section, simulations will be conducted under standard driving cycles, and explore the impact of the proposed strategy on vehicle energy consumption and transmission efficiency.




7.3. Simulation under Standard Driving Cycles


Figure 17 shows the vehicle speed, speed ratio, and transmission efficiency with different clamping force control strategies under NEDC driving cycle. It can be seen from the Figure that the clamping force fuzzy control strategy based on slip rate improves the CVT mechanical efficiency and electric drive efficiency. The average efficiency of CVT and the electric drive efficiency increased by 3.41% and 6.40%, respectively. These results could be attributed to the timely adjustment of clamping force. When the vehicle is driving, the fuzzy controller adjusts the clamping force according to the slip state of the CVT, leading to an increase in efficiency. The improvement of transmission efficiency and reduction in motor power bring an improvement in vehicle energy consumption. Table 6 shows the simulation results with different clamping force control strategies under NEDC. The vehicle energy consumption with clamping force fuzzy control strategy based on slip rate is 14.90 kWh, which is reduced by 6.67% compared to the traditional clamping force control strategy.



In order to further study the energy-saving effect of this strategy, simulations were carried out under 1015, US06 and WLTC driving cycles. The average vehicle speeds in the above driving cycles are 22.7 km/h, 77.9 km/h and 46.0 km/h. The 1015, NEDC, and US06 represent typical low-speed, medium-speed, and high-speed driving cycles, respectively. The WLTC is a driving cycle where the vehicle speed changes drastically. The above driving cycles can comprehensively reflect the comprehensive characteristics of vehicle driving. The speed of various driving cycles is shown in Figure 18.



The energy consumption and CVT efficiency with different strategies under various driving cycles are given in Table 7 and Table 8. Simulation results demonstrate that the clamping force fuzzy control strategy based on slip rate can reduce vehicle energy consumption and improve CVT efficiency under the tested driving cycles. This control strategy reduces the energy consumption by 6.21% at the maximum and 4.53% at the minimum, and CVT efficiency increased by 1.78% to 3.99%. The improvement of energy consumption and CVT efficiency is most remarkable in US06. An explanation for this might be that US06 is a high-speed working condition. The large torque transmission requires a larger clamping force, which makes the CVT efficiency lower with the traditional strategy. The smallest energy consumption benefit occurs in WLTC. These results further support the idea that the proposed clamping force control strategy has wonderful adaptability and can improve the vehicle economy.



The improvement rate of each index under different driving cycles is shown in Figure 19. The transmission efficiency here refers to the total efficiency of the motor and CVT. It can be seen from the simulation results that the clamping force fuzzy control strategy based on slip rate can bring positive efficiency and energy consumption benefits.





8. Conclusions


To improve the mechanical efficiency of CVT for EVs, an electric CVT configuration and a clamping force fuzzy control strategy based on slip rate are proposed. The strategy adopts dual closed-loop control. The fuzzy controller outputs dynamic safety factors to adjust the clamping force based on the slip state of the CVT. The vehicle dynamics model and the CVT slip dynamic model are established, and the proposed strategy is studied through simulation.



To design an appropriate clamping force control strategy, bench tests were carried out to get CVT slip-efficiency characteristics. The experimental results show that the CVT slip-efficiency characteristics show similar trends under different input conditions. The CVT efficiency is most sensitive to the speed ratio, the optimal slip rate is quite different under different speed ratios. The influence of input speed on slip-performance characteristics can be neglected. In addition, different input speeds or input torques hardly affect the optimal slip position.



Simulations were performed under three extreme conditions: full-throttle acceleration conditions, emergency braking conditions, and road adhesion coefficient mutation conditions. The simulation results indicate that the proposed clamping force control strategy can ensure that the CVT does not occur macro slip. When the road adhesion coefficient changes suddenly, the driving wheels will not slip. Compared with the traditional clamping force control strategy, the proposed strategy can reduce the CVT clamping force by 12.86–21.65%.



Under the NEDC driving cycle, the energy consumption with the clamping force slip distorted control strategy is 14.90 kWh, which is 6.67% lower than the traditional clamping force control strategy. At the same time, the average efficiency of CVT and average transmission efficiency increased by 3.71% and 6.40%, respectively. Vehicle energy consumption and CVT efficiency have also been improved to varying degrees in other standard driving cycles. Therefore, the proposed strategy can provide a reference for CVT clamping force research and electric vehicle energy consumption research.



Future works will focus on verifying the feasibility of the proposed clamping force control strategy through bench tests. At the same time, the electric oil pump control strategy will be developed to further improve the CVT efficiency and vehicle energy economy.







Author Contributions


Conceptualization and methodology, B.F. and T.Z.; writing and original draft preparation, T.Z.; bench test implementation, data acquisition and analysis, B.F. and J.L.; supervision, X.H.; document editing and review, B.F. and T.Z.; project administration, B.F. and J.L.; resources, X.H. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the following funds: National Natural Science Foundation of China, grant numbers 52105069 and 52075465; Provincial Natural Science Foundation of Hunan, grant numbers 2020JJ5540 and 2020JJ6016; a project funded by China Postdoctoral Science Foundation, grant number 2021M703787 and Outstanding Youth Fund of Hunan Provincial Department of Education, grant number 21B0106; the science and technology innovation Program of Hunan Province, grant number 2020RC4038.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Kwon, K.; Minsik, S.; Seungjae, M. Efficient multi-objective optimization of gear ratios and motor torque distribution for electric vehicles with two-motor and two-speed powertrain system. Appl. Energy 2020, 259, 114190. [Google Scholar] [CrossRef]

	



Milanés-Montero, M.I.; Gallardo-Lozano, J.; Romero-Cadaval, E.; González-Romera, E. Hall-effect based semi-fast ac on-board charging equipment for electric vehicles. Sensors 2011, 11, 9313–9326. [Google Scholar] [CrossRef] [PubMed]

	



Kanghyun, N. Application of novel lateral tire force sensors to vehicle parameter estimation of electric vehicles. Sensors 2015, 15, 28385–28401. [Google Scholar]

	



Ruan, J.; Walker, P.; Zhang, N. A comparative study energy consumption and costs of battery electric vehicle transmissions. Appl. Energy 2016, 165, 119–134. [Google Scholar] [CrossRef]

	



Liang, J.; Yang, H.; Wu, J.; Nong, Z.; Walker, P.D. Shifting and power sharing control of a novel dual input clutchless transmission for electric vehicles. Mech. Syst. Signal Process. 2018, 104, 725–743. [Google Scholar] [CrossRef]

	



Xi, J.Q.; Xiong, G.M.; Yan, Z. Application of automatic manual transmission technology in pure electric bus. In Proceedings of the IEEE Vehicle Power & Propulsion Conference, Harbin, China, 3–5 September 2008. [Google Scholar]

	



Gao, B.; Liang, Q.; Xiang, Y.; Guo, L.; Chen, H. Gear ratio optimization and shift control of 2-speed i-amt in electric vehicle. Mech. Syst. Signal Process. 2015, 50, 615–631. [Google Scholar] [CrossRef]

	



Kwon, K.; Jo, J.; Min, S. Multi-objective gear ratio and shifting pattern optimization of multi-speed transmissions for electric vehicles considering variable transmission efficiency. Energy 2021, 236, 121419. [Google Scholar] [CrossRef]

	



Di Nicola, F.; Sorniotti, A.; Holdstock, T.; Viotto, F.; Bertolotto, S. Optimization of a multiple-speed transmission for downsizing the motor of a fully electric vehicle. SAE Int. J. Altern. Powertrains 2012, 1, 134–143. [Google Scholar] [CrossRef]

	



Fang, S.; Jian, S.; Song, H.; Tai, Y.; Fei, L.; Nguyen, T.S. Design and control of a novel two-speed uninterrupted mechanical transmission for electric vehicles. Mech. Syst. Signal Process. 2016, 75, 473–493. [Google Scholar] [CrossRef]

	



Sorniotti, A.; Pilone, G.L.; Viotto, F.; Bertolotto, S.; Everitt, M.; Barnes, R.; Morrish, I. A novel seamless 2-speed transmission system for electric vehicles: Principles and simulation results. SAE Int. J. Engines 2011, 4, 2671–2685. [Google Scholar] [CrossRef]

	



Roozegar, M.; Setiawan, Y.D.; Angeles, J. Design, modelling and estimation of a novel modular multi-speed transmission system for electric vehicles. Mechatronics 2017, 45, 119–129. [Google Scholar] [CrossRef]

	



Walker, P.; Zhu, B.; Zhang, N. Powertrain dynamics and control of a two speed dual clutch transmission for electric vehicles. Mech. Syst. Signal Process. 2017, 85, 1–15. [Google Scholar] [CrossRef]

	



Liauw, Y.S.; Roozegar, M.; Zou, T.; Morozov, A.; Angeles, J. A topology-change model of multi-speed transmissions in electric vehicles during gear-shifting. Mechatronics 2018, 55, 151–161. [Google Scholar] [CrossRef]

	



Angeles, J.; Roozegar, M. The optimal gear-shifting for a multi-speed transmission system for electric vehicles. Mech. Mach. Theory 2017, 116, 1–13. [Google Scholar]

	



Sorniotti, A.; Subramanyan, S.; Turner, A.; Cavallino, C.; Viotto, F.; Bertolotto, S. Selection of the optimal gearbox layout for an electric vehicle. SAE Int. J. Engines 2011, 4, 1267–1280. [Google Scholar] [CrossRef]

	



Fernandes, M. Fuzzy controller applied to electric vehicles with continuously variable transmission. Neurocomputing 2016, 214, 684–691. [Google Scholar] [CrossRef]

	



Ren, Q.; Crolla, D.A.; Morris, A. Effect of transmission design on electric vehicle (EV) performance. In Proceedings of the 2009 IEEE Vehicle Power and Propulsion Conference, Dearborn, MI, USA, 7–10 September 2009; IEEE: Piscataway, NJ, USA; pp. 1260–1265. [Google Scholar]

	



Hofman, T.; Dai, C.H. Energy efficiency analysis and comparison of transmission technologies for an electric vehicle. In Proceedings of the Vehicle Power & Propulsion Conference, Lille, France, 1–3 September 2010. [Google Scholar]

	



Ruan, J.; Walker, P.; Nong, Z. Comparison of power consumption efficiency of cvt and multi-speed transmissions for electric vehicle. Int. J. Automot. Eng. 2018, 9, 268–275. [Google Scholar] [CrossRef]

	



Spanoudakis, P.; Tsourveloudis, N.; Doitsidis, L.; Karapidakis, E. Experimental research of transmissions on electric vehicles’ energy consumption. Energies 2019, 12, 388. [Google Scholar] [CrossRef]

	



Ruan, J.; Song, Q.; Yang, W. The application of hybrid energy storage system with electrified continuously variable transmission in battery electric vehicle. Energy 2019, 183, 315–330. [Google Scholar] [CrossRef]

	



Kluger, M.A.; Long, D.M. An overview of current automatic, manual and continuously variable transmission efficiencies and their projected future improvements. SAE Trans. 1999, 108, 1–6. [Google Scholar]

	



Asayama, H.; Kawai, J.; Tonohata, A.; Adachi, M. Mechanism of metal pushing belt. JSAE Rev. 1995, 16, 137–143. [Google Scholar] [CrossRef]

	



Kobayashi, D.; Mabuchi, Y.; Katoh, Y. A Study on the Torque Capacity of a Metal Pushing V-Belt for CVTs. Int. Congr. Expo. 1998, 980822. [Google Scholar] [CrossRef]

	



Kim, H.; Lee, J. Analysis of belt behavior and slip characteristics for a metal V-belt CVT. Mech. Mach. Theory 1994, 29, 865–876. [Google Scholar] [CrossRef]

	



Nishizawa, H.; Yamaguchi, H.; Suzuki, H.; Osawa, M.; Iwatuki, K.; Oshiumi, Y. Friction characteristics analysis for clamping force setup in metal v-belt type cvt. SAE Trans. 2005, 114, 1822–1829. [Google Scholar]

	



Tarutani, I.; Tani, H.; Nagasawa, Y. Analysis of the power transmission characteristics of a metal v-belt type CVT. RD Rev. Toyota CRDL 2005, 25, 56–59. [Google Scholar]

	



Bonsen, B.; Klaassen, T.; Meerakker, K.; Steinbuch, M.; Veenhuizen, P.A. Measurement and control of slip in a continuously variable transmission. IFAC Proc. Vol. 2004, 37, 43–48. [Google Scholar] [CrossRef]

	



Klaassen, T.; Bonsen, B.; Meerakker, K.; Steinbuch, M.; Veldpaus, F.E. Nonlinear stabilization of slip in a continuously variable transmission. In Proceedings of the IEEE International Conference on Control Applications, Taipei, Taiwan, 2–4 September 2004; IEEE: Piscataway, NJ, USA; Volume 1, pp. 338–343. [Google Scholar]

	



Bonsen, B.; Klaassen, T.; Van de Meerakker, K.G.O.; Veenhuizen, P.A.; Steinbuch, M. Modelling slip-and creepmode shift speed characteristics of a pushbelt type continuously variable transmission. In Proceedings of the International Congress on Continuously Variable Transmission, Taipei, Taiwan, 2–4 September 2004; Volume 4. [Google Scholar]

	



Sameh, B.; Ma, S.Y.; Samo, S. Slip enhancement in continuously variable transmission by using adaptive fuzzy logic and lqr controller. Appl. Mech. Mater. 2014, 607, 440–448. [Google Scholar] [CrossRef]

	



Verbelen, F.; Haemers, M.; Viaene, J.D.; Derammelaere, S.; Stockman, K.; Sergeant, P. Adaptive pi controller for slip controlled belt continuously variable transmission. IFAC-PapersOnLine 2018, 51, 101–106. [Google Scholar] [CrossRef]

	



Han, L.; Zhang, H.; Fang, R.; Liu, H. Optimization Transmission Efficiency with Driver Intention for Automotive Continuously Variable Transmission Under Slip Mode. Chin. J. Mech. Eng. 2020, 34, 1–17. [Google Scholar] [CrossRef]

	



Wu, G.B.; Lu, Y.H.; Xu, X.W. Optimization of cvt efficiency based on clamping force control. IFAC-PapersOnLine 2018, 51, 898–903. [Google Scholar]

	



Zhu, H.B.; Zhang, Y.K.; Wang, Y.C. Study on the slip rate of cvt in un-steady states. IFAC-PapersOnLine 2018, 51, 343–348. [Google Scholar]

	



Ji, J.; Jang, M.J.; Kwon, O.E.; Chai, M.J.; Kim, H.S. Power transmission dynamics in micro and macro slip regions for a metal v-belt continuously variable transmission under external vibrations. Int. J. Automot. Technol. 2014, 15, 1119–1128. [Google Scholar] [CrossRef]

	



Drogen, M.V.; Laan, M. Determination of variator robustness under macro slip conditions for a push belt cvt. SAE Tech. Pap. 2004, 85–100. [Google Scholar]








[image: Sensors 22 02131 g001 550] 





Figure 1. The structure of EV proposed. 
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Figure 2. Schematic diagram of hydraulic system. 
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Figure 3. Principle of metal belt slip (low-speed ratio). 
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Figure 4. Schematic diagram of slip region. 
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Figure 5. Diagram of transmission system. 
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Figure 6. Simulation system structure. 
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Figure 7. Schematic diagram of test scheme. 
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Figure 8. CVT slip characteristic test bench. 
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Figure 9. Primary pulley radius calculation principle. 
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Figure 10. The relationship between CVT extreme efficiency and speed and torque: (a) the relationship between CVT efficiency and input torque and speed ratio (ωpm = 2000 r/min); (b) the relationship between CVT efficiency and input speed and speed ratio (Tpm = 60 Nm). 
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Figure 11. CVT slip-efficiency characteristics: (a) slip-efficiency characteristics under different input torque; (b) slip-efficiency characteristics under different input speed; (c) slip-efficiency characteristics under different speed ratio. 
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Figure 12. Traditional clamping force control strategy. 
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Figure 13. Clamping force fuzzy control strategy based on slip rate. 
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Figure 14. Input and output membership function. 
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Figure 15. Simulation results of acceleration and braking conditions: (a) full throttle acceleration conditions; (b) emergency braking conditions. 
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Figure 16. Road adhesion coefficient abrupt change condition. 
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Figure 17. Simulation results in NEDC driving cycle. 
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Figure 18. Vehicle velocity profiles of different driving cycles: (a) 1015 driving cycle; (b) US06 driving cycle; (c) WLTC driving cycle. 
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Figure 19. The improvement of various indicators under different driving cycles. 
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Table 1. CVT specifications and parameters.
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	Parameter
	Value





	Metal belt type
	VDT—24/9/1.5/196.8



	Speed ratio range
	0.44–2.43



	Pulley center distance
	146 mm



	Number of metal bands
	408



	Metal belt length
	612 mm



	Hydraulic oil type
	Idemitsu EX1



	EOP type
	Rotating vane pump
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Table 2. Specifications of various sensors and other components.
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	Parameter
	Value





	Drive motor specification/rated speed/torque
	ABB-QABP225M2A/3000 rpm/134 Nm



	Load motor specification/rated speed/torque
	ABB-QABP280S2A/3000 rpm/239 Nm



	Displacement sensor specifications/measurement range/accuracy
	KEYENCE-GT2-S5/0–32 mm/±2 um



	Torque sensor specifications/measurement range/accuracy
	Sanjing-JN338-A200/20–300 Nm/±0.05% FS



	Speed sensor specifications/measurement range/accuracy
	Sanjing-JN338-A200/0–5000 rpm/±2 rpm



	Pressure sensor specifications/measurement range/accuracy
	Nexo-PA2000/0–6 Mpa/2% FS
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Table 3. Test conditions setting.
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	Test Conditions
	Speed Ratio
	Input Speed (r/min)
	Input Torque (Nm)





	Different speed ratio test
	0.44, 0.60, 1.00, 2.00, 2.43
	2000
	60



	Different input torque test
	0.44
	2000
	30, 45, 60, 75, 90



	Different speed input test
	0.44
	1000, 1500, 2000, 2500, 3000
	60
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Table 4. Fuzzy control rules.
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Table 5. Simulation parameters.
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	Parameter
	Value





	Vehicle mass
	1505 kg



	Wheel radius
	0.3065 m



	Frontal area
	2.13 m2



	CVT Speed ratio range
	0.43–2.43



	Final drive ratio
	6.08



	Pulley cone angle
	11°



	Oil pump displacement
	15 mL/r



	Final drive efficiency
	98%



	Differential efficiency
	98%
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Table 6. Comparison of efficiency and energy consumption.
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	Traditional Clamping Force Control Method
	Clamping Force Fuzzy Control Strategy Based on Slip Rate
	Improvement





	Average CVT mechanical efficiency
	79.77%
	82.84%
	3.71%



	Average electric drive efficiency
	46.21%
	49.37%
	6.40%



	Energy consumption per hundred kilometers
	15.87 kWh
	14.90 kWh
	6.67%
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Table 7. Energy consumption comparison under various driving cycles.
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Driving Cycles

	
Energy Consumption (kWh)

	
Improvement




	
Traditional Clamping Force Control Strategy

	
Clamping Force Fuzzy Control Strategy Based on Slip Rate






	
1015

	
16.33

	
15.48

	
5.21%




	
US06

	
16.58

	
15.55

	
6.21%




	
WLTC

	
16.65

	
15.89

	
4.53%
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Table 8. Comparison of CVT efficiency under various driving cycles.
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Driving Cycles

	
CVT Efficiency

	
Improvement




	
Traditional Clamping Force Control Strategy

	
Clamping Force Fuzzy Control Strategy Based on Slip Rate






	
1015

	
83.72%

	
85.24%

	
1.78%




	
US06

	
78.67%

	
81.81%

	
3.99%




	
WLTC

	
80.46%

	
82.75%

	
2.85%
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