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Abstract

:

Continuous variable transmission (CVT) is a widely used technology for two-wheeler applications due to its cost-effectiveness, lightweight, and reduced size. This kind of transmission involves the accurate matching of the system with the engine characteristics. This paper analyzes the typical design procedure used to develop the transmission system and evaluates the current approach’s critical issues. The paper aims to identify a possible path to improve the system and its customization capacity. It is identified that the critical design stage is the identification of the correct sliding profile for the half pulley of the front assembly of the system. Then, the geometrical parameters of the transmission are accurately identified through a detailed kinematic analysis. The presented kinematic analysis is propaedeutic for developing a mathematical model that defines the rollers’ sliding profile according to the vehicle’s performance.
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1. Introduction


Urban traffic is one of the main causes contributing to global pollution [1,2]. The introduction of low emission or zero-emission vehicles contributes to solving this issue [3]. In particular, the use of two-wheeled vehicles, as an alternative to cars, helps to limit pollution considerably [4,5] thanks to their lower fuel consumption, comparing the same route (lighter vehicle). The better handling and the smaller vehicle dimensions allow staying less time in city traffic, limiting the emissions due to traffic queues [6]. This aspect is particularly true for daily journeys (e.g., travel to and from work) for which a two-wheeled vehicle is an alternative to the car.



Moreover, it is easier to find parking for smaller vehicles, reducing emissions due to movements necessary to find parking [7,8,9].



These reasons result in time savings for drivers, making two-wheeled vehicles a significant player in urban traffic. Motorbikes and small scooters are particularly popular and used due to their maneuverability and low purchase and use cost.



These vehicles are usually equipped with rubber V-belt continuously variable transmission (CVT) characterized by the following essential features:




	
The continuous variation of the speed ratio allows the engine working at a nearly constant speed to optimize the endothermic engine efficiency;



	
This kind of transmission is an automatic one, thus simplifying the driving so that even non-expert two-wheeled drivers can use these vehicles easily;



	
The constructive simplicity of the transmission makes it cost-effective for production and maintenance;



	
The lightweight and the high efficiency (near 80% at the full operating speed [10]) of transmission positively affect the fuel consumption;



	
The transmission can absorb sudden change in the torque (it works as a flexible coupling joint).








These features promote wide use of the CVTs on motorcycles and scooters with power up to 25 kW. Higher power engines require metal belts CVT or different kinds of transmission.



However, on the CVT design process, there are present restrictions that could become important improvement opportunities. In particular, selecting the best design solutions for CVT is a challenge for design teams because defining the critical functions by matching customer satisfaction with the system’s technical performance is a critical activity. This issue is crucial for a system such as CVT, characterized by high standards requirements, the need to satisfy the customers, and accurate cost control. From this point of view, consumption reduction can be a driver to optimize the design process of the CVT. The impact of CVT optimization, considering the wide diffusion of vehicles equipped with CVT, could significantly impact air quality in urban environments and CO2 emission.



The rubber V-belt CVT has been studied by some authors [11,12,13,14] to develop a model that could be used in the design phase. The system analysis results in a very complex issue due to the complexity of the behavior of the components (e.g., belt flexibility, rubber hysteresis, friction coefficient) and to external influence (e.g., engine vibration). The analysis carried out by the authors is specific to the coupling between the belt and the pulleys during transmission operation and can be summarized in three types of approach: complex theoretical models [15,16], simplified semi-experimental models [17,18,19,20], and numerical models [21].



In the authors’ opinion, validated by a dialogue with various industrial manufacturers of this type of vehicle, the approaches currently described in the literature are difficult to adopt in real industrial application for the specificity of the product development phases.



Identifying the limitation in the current design approach of this system is the starting point to introduce a possible path for developing an accurate but efficient mathematical model capable of defining the sliding profile of the rollers according to the performance required of the vehicle. For this reason, this paper analyzes the typical design procedure used to develop the CVT system and highlights the current approach’s critical issues. Finally, the first step of the proposed path (i.e., the kinematic study of the transmission) is described in detail.




2. Materials and Methods


2.1. Analysis of Typical CVT Design Procedure


The CVT aims to vary the speed ratio between the driveshaft and the driven shaft to best adapt the engine’s characteristics to the user requests in different operating conditions. The CVT (Figure 1) consists of a front group (a) directly connected to the drive shaft and a rear group (b) that gives the rear wheel motion. The two groups are connected by the V-belt (5), transmitting the power from the front to the rear group.



The front group (Figure 2) is also known as the driver pulley actuator or primary actuator, and its configuration depends on engine shaft speed; the result is a speed-sensing actuator. It is made up of two half-pulleys (1 and 2), one axially movable (1), the other axially fixed (2) and connected, generally using a splined profile, to the drive shaft.



The half pulley (1), which can move axially, holds inside some rollers (3) that are positioned between an axially fixed plate (4) and the half pulley itself. The half pulley has functional profiles (curved ramps-cr) on which the rollers can slide. Under the action of centrifugal force, the rollers are forced by the fixed plate to move on the curved ramp generating an axial force that moves the movable half-pulley along its axis towards the fixed one (Figure 3 shows the initial and the final configuration that the system can reach).



Due to the movable half-pulley axial movement toward the fixed one, the belt is forced to move towards the pulley’s upper edge, covering growing pitch diameters. The increment of the wrapping diameter in the front group entails the resulting reduction of the pitch diameter in the rear group producing the speed ratio variation. Figure 4 shows the positions assumed by the belt in the three different configurations:




	
The pitch diameter in the transmission’s initial setup is the smaller the belt can occupy on the front pulley. This condition corresponds to the lower transmission ratio reachable.



	
The engine speed increases and the centrifugal force acting on the rollers is enough to move the half pulley along its axis; the belt reaches a pitch diameter on the front pulley depending on the vehicle’s operating condition. This configuration is the work area of continuous transmission ratio variation from the lower to the upper.



	
The upper ratio is reached, the belt is on the bigger pitch diameter on the front pulley and any other movement is impossible for the half front pulley.








With reference to Figure 1, the rear assembly (b) (the driven pulley actuator, Figure 5) is composed of two half-pulley, one axially fixed (6) and the other axially movable (7). The axial movement of the half-pulley is controlled by the sliding of a definite number of pivots (8) on their guide or cam (9), suitably oriented, and by the compression force applied by a helical spring (10).



The rear group is also known as a driven pulley actuator or secondary actuator. Its structure is designed to work according to the effect of torque variation; the result is a torque-sensing actuator. When the output torque increases, the movable half-pulley is forced to move axially towards the fixed one, generating the pitch diameter’s increment.



The balance between the forces established at any given time in front and rear assembly, transferred by the V-belt, defines the transmission ratio. The forces equilibrium is strictly dependent on the operative condition of the transmission itself (motor vehicle speed, engine torque, engine revolution speed) and the load condition (driver and passenger weight, the slope of the road, required acceleration, etc.). This equilibrium determines the v-n curve (velocity of the vehicle vs. engine speed).



The design process of a CVT (Figure 6) is composed as follows:




	
Acquirement of design data: required performances; internal combustion engine (ICE) performing features, vehicle parameters;



	
Identification of the target v-n curve;



	
Selection of values for rollers weight, cam angle, spring constant;



	
Use of the mathematical model for the design of the curved ramp of the rollers;



	
Manufacturing of the prototype;



	
Experimental test of the obtained v-n curve.








An iterative calculation is applied to modify the curved ramps if the tested curve is not close to/differs from the aimed curve.



Motor vehicle manufacturing companies use different theoretical-experimental approaches to design the rollers curved ramp and, consequently, the CVT. An essential role in this process is the experimental activities that result in highly burdensome time and money.




2.2. Critical Issue of the Current Design Approach


In a vehicle equipped with traditional manual transmissions, it is possible to act on the engine electronics to set and optimize the vehicle performance [16]. In this way, it is possible to obtain better optimizations in the case of automatic transmission [22] or servo actuated transmission vehicles [23]. In contrast, V-belt CVT motor vehicles cannot affect shift since the transmission component forces’ balance determines the transmission ratio. As a result, the CVT performance in the different use conditions is strictly defined by design (Figure 6). The consequence is that the target’s selection deeply affects the transmission and is a crucial design element.



Consider, for example, that in the design phase, the chosen objective is to achieve minimal consumption; this choice leads to developing less-performing vehicles lacking the needed agility in the urban traffic.



On the other hand, selecting a fast-responding transmission leads to a vehicle not being easily controlled by some users, especially in particular grip conditions (e.g., rain, snow). From this point of view, it is important to consider that users’ class is fundamental to obtain a user-friendly performance. In this way, the inexperienced users can manage the vehicle and contain any driving risks, even at the expense of performance.



In other words, in the current framework, it is essential to choose from the beginning of the design which features we want to use in CVT planning. In general, the feature could be related to handling, fast response, maneuverability in urban traffic, and comfortable driving in unvaried speed travel (e.g., extra-urban route, ring road–beltway), low-cost maintenance, top speed, and vehicle weight. Due to system development constraints, the current design method is strictly constrained to choose a common design range [24,25] among several missions, users, and vehicle profiles. This aspect leads to the choice of a compromise solution that results in under-optimization in the different uses.



The most significant phase of the design process is determining the optimum roller sliding profile according to the required operating characteristics for the CVT. This phase of the design process (as in Section 2.1) is time-consuming and costly, not least because of the need for the experimental fine-tuning phase.



Therefore, it is not uncommon to find the same CVT used on different engines (e.g., a 125 cc engine and a 150 cc engine) or different motor scooters without the transmission being optimized for these different uses. This means that the vehicle often does not perform as well as it could with a dedicated transmission, negatively impacting performance, fuel consumption, and pollutant emissions.



In the design process, if the shift curve experimentally verified on the prototype differs significantly from the desired one, it is a sign that the mathematical model applied presents excessive inaccuracies, linked both to the complexity of the system and to the approximations assumed.



In particular, the use of highly complex mathematical models means that many parameters have to be considered [15,16]. However, not all of these can always be known a priori with sufficient accuracy. For others, the variability of the values due to other system parameters is not known with sufficient reliability. The practical application of these models is, therefore, usually problematic.



On the other hand, other mathematical models are more elementary [17,18,19,20] but, considering a smaller number of factors, provide results that are less adherent to reality. Many parameters are set as constants or not even considered in these cases, causing an important lack of accuracy in the results.



The last approach consists of numerical models [21] that are complex to implement in real applications. Overall, the evaluation of the current methods shows that they cannot permit economical and straightforward customization and adaptation of the system to specific customer needs.



Therefore, thanks to his own experience, the designer acts on the most critical parameters for the applied model. In this way, he optimizes the roller sliding profile and carries out further experimental verification. This is an iterative process that can be time-consuming and expensive.



Having a complete and reliable mathematical model that is also easy for the designer to manage would make it possible to reduce optimization iterations and, consequently, project times and costs. This would consequently make it possible to envisage greater customization of the product.




2.3. Development of an Efficient and Accurate Mathematical Model


Developing an efficient and accurate mathematical model for the definition of the roller curve is a key factor in overcoming the issue currently present in the CVT design method.



This development path is composed of the steps represented in Figure 7.



The first step concerns the development of the kinematic analysis of the CVT. Through this analysis, all kinematic parameters are derived (step 2), such as the relationship between the position of the belt and the position of the roller weights inside the front mobile half-pulley, the transmission ratio as a function of the position of the rollers, etc. These parameters will be used to develop the dynamic analysis (step 3).



Once the dynamic analysis has been completed, it will be possible to implement a mathematical model for the design of CVT transmissions (step 4). Given all the criticalities previously illustrated, validating the model through experimental tests will be necessary. This is also to determine the value of some factors in the model, such as the friction coefficient between the pin and the slot in the torque corrector (rear group), the belt deformation factor under various operating conditions.



In order to validate the model, a known transmission will be tested on a test bench (step 5). The sliding profile of the rollers detected on this transmission is implemented in the mathematical model. The model will be used to derive different results (torque curves, shift curves, transmission ratios, etc.) as the operating conditions change.



Experimental tests are carried out under the model’s same operating conditions, and the results obtained are verified. If the results are sufficiently close to the real ones, the mathematical model is validated (step 5); otherwise, the parameters used in the dynamic analysis (step 3) or the definition of the model (step 4) must be optimized and the validation procedure repeated.



Once the model has been verified in this way, further verification must be carried out. A different shift curve is set in the mathematical model (e.g., optimized for a particular class of user), and the roller curve is obtained, which, according to the model, determines the desired shift curve. A prototype will then be built and subjected to experimental tests. Comparing the experimental results with the expected ones will allow further refinement of the mathematical model.



The contribution of this paper is focused on the first two steps of the approach.





3. Kinematic Analysis of the CVT Transmission


As described in Section 2.3, in order to develop a model that would be easy to apply, it is necessary to carry out a kinematical analysis of the transmission system. This system analysis can be a robust starting point for subsequent model development. Design geometrical parameters need to be set as well as their interaction and variability according to transmission operating conditions.



3.1. Identification of Design Parameters


As described in Section 2.1, the aimed v-n curve is identified by knowing vehicle characteristics, required performance, and ICE performing features.



Parameters’ relationships are identified to set up a model that can be efficiently utilized for different CVTs of the type mentioned above.



To fully describe the transmission characteristic, the relation between the following parameters needs to be determined in all the operating conditions:




	
Center distance (I);



	
Driver pulley rotational speed;



	
Driven pulley rotational speed;



	
Transmission ratio;



	
Driver pulley pitch diameter;



	
Driven pulley pitch diameter;



	
Belt wrap angle on the pulleys;



	
Axial displacement of the driver half-pulley;



	
Axial displacement of the driven half-pulley;



	
Rollers curved ramps; and



	
Correlation between rollers’ and belt’s position as a function of the engine’s rotation speed.








The center distance is given data once the vehicle geometry has been established. The driver pulley’s rotational speed is connected to the vehicle engine’s characteristics. The driver pulley is directly connected to the engine shaft.



The driven pulley’s rotation speed can be derived from the aimed v-n curved for the studied vehicle; thus, it is a function of the driver pulley’s rotational speed and transmission ratio.



Driver pulley pitch diameter (dpc) can be derived once the transmission ratio τ and the driven pulley’s pitch diameter (dpm) are known; the latter can be obtained from geometrical relationships with Equation (1)


   {      τ =    d  p m      d  p c            L p  = 2 I + π ⋅    (   d  p m   +  d  p c    )   2  +      (   d  p m   −  d  p c    )   2    4 I          



(1)




where I is the distance between pulleys and    L p    is the belt length on its pitch line.



Resolving Equation (1), we can express    L p    with Equation (2)


   L p  = 2 I + π ⋅    (  τ ⋅  d  p c    )   2  +      (  τ ⋅  d  p c   −  d  p c    )   2    4 I    



(2)




and then obtain the Equation (3)


   d  p c  2  ⋅    (  τ − 1  )   2  +  d  p c   ⋅  [  2 π ⋅  (  τ + 1  )   ]  + 8  I 2  − 4 I ⋅  L p  = 0  



(3)







Solving Equation (3) by    d  p c     permits to obtain Equation (4).


   d  p c   =      {     [  2 π ⋅ I ⋅  (  τ + 1  )   ]   2  − 4  (  τ − 1  )  ⋅  (  8  I 2  − 4 I ⋅  L p   )   }     1 2    − 2 π ⋅ I ⋅  (  τ + 1  )    2    (  τ − 1  )   2     



(4)







Geometrical relations can determine the belt’s wrap angles on the pulleys.




3.2. Half-Pulley’s Axial Displacement Calculation


Knowing the pitch diameters and the related wrap angles on the pulley, axial displacements of the movable half-pulleys (the inner one in the front assembly, the outer one in the rear assembly) are determined.



In the case of the driver pulley, according to Figure 8, during the acceleration phase, the belt pitch diameter increases, gradually going from the generic dpm1 to the generic dpm2.



As shown in Figure 9, the value of the axial displacement Sm12, generated by the variation of the belt position from the pitch diameter dpm1 to dpm2, can be determined as follows:


   S  m 12   = 2 ·    (   d  p m 2   −  d  p m 1    )   2  · tan  β 2  =  (   d  p m 2   −  d  p m 1    )  · tan  β 2   



(5)







In Equation (5), substituting the value of the dpm max to the dpm2 and the generic pitch diameter dpmi to the value of dpm1, the trend of the axial displacement during the acceleration phase is obtained, as shown in Equation (6).


   S m  =  (   d  p m   m a x     −  d  p m i    )  · tan  β 2   



(6)







Expression similar to Equation (6) is valid for the axial displacement of the driven pulley Sc.



During the acceleration phase, the axial displacement of the movable half-pulley has an increasing trend (Figure 10) for the driven pulley (Sc) and a decreasing trend for the driver one (Sm). This is because the driver pulley’s pitch diameter increases while the driven pulley’s one decreases.



In this way, the instantaneous transmission geometry is described for each driver pulley rotation speed.




3.3. Kinematic Analysis of the Transmission


As known, driver half-pulley’s axial displacement is determined by centrifugal forces acting on rollers; the rollers, moving on the ramps (which are carved on the driver movable half-pulley itself) determine the half-pulley axial displacement.



Therefore, belt position needs to be correlated to the rollers’ position as a function of the engine’s rotational speed.



In order to achieve this, a coordinated system is defined as given in Figure 11. The origin is set on the movable half-pulley rotation axis. The x-axis coincides with the pulley rotation axis and points towards the half-pulley displacement starting from the initial pulley’s position. The y-axis is orthogonal to the previous one and points up.



Considering a generic roller’s curve carved on the moveable driver half-pulley, (xi; yi) represent the coordinates of the contact point I between the roller and the curve profile.    α i    is the angle defined by the tangent to the profile in I and the line parallel to y-axis passing through the point I.



The equation of the line tangent to the profile to the point I is given by the equation:


  y −  y i  =  m i  ·  (  x −  x i   )   



(7)




where, in the abovementioned coordinated system (Figure 11), the angular coefficient mi is defined as:


   m i  = tan  (  90 +  α i   )   



(8)







Therefore, the equation of the line t passing through point I and orthogonal to line s can be written as:


  y −  y i  =  1   m i    ·  (  x −  x i   )   



(9)







Considering on this line a segment starting from the contact point I, of the same length of the radius rr of the roller and pointing towards it, the center of the roller has the following coordinates:


   {       x R  =  x i  − a        y R  =  y i  − b        



(10)







a and b being the projections of the segment on the x and y-axis, respectively; using simple trigonometric relations:


  b = a · tan  α i   



(11)







Substituting in the rr expression:


   r r  =    a 2  +  b 2    =    a 2  +    (  a · tan  α i   )   2    = a ·   1 +    (  tan  α i   )   2     



(12)







Then follows:


   {      a =    r r      1 +    (  tan  α i   )   2            b =    r r  · tan  α i      1 +    (  tan  α i   )   2             



(13)







Therefore, substituting Equation (13) into Equation (9), the coordinates of point R are:


   {       x R  =  x i  −    r r      1 +    (  tan  α i   )   2             y R  =  y i  −    r r  · tan  α i      1 +    (  tan  α i   )   2             



(14)







The angular coefficient of line p, passing through point R and orthogonal to fixed plate (Figure 11) can be written in the considered coordinate system as:


   m  p f   = tan  (  90 − ξ  )   



(15)







The angle ξ is defined between the direction parallel to the fixed plate and the positive direction of the y-axis.


  y −  y R  = −  1   m  p f     ·  (  x −  x R   )   



(16)







Considering on that line a segment of the same length of the roller’s radius rr and pointing from point R and pointing towards the fixed plate, point P (xP;yP) is identified having the following coordinates:


   {       x P  =  x R  − c        y P  =  x R  + d        



(17)







a and b being the projections of the segment on the x and y-axis, respectively; as done for the point R it is possible to write:


  d = c · tan ξ  



(18)







Substituting in the rr expression:


   r r  =    c 2  +  d 2    =    c 2  +    (  c · tan ξ  )   2    = c ·   1 +    (  tan ξ  )   2     



(19)







Then follows:


   {      c =    r r       (  1 + tan  ξ 2   )            d =    r r  · tan ξ      (  1 + tan  ξ 2   )             



(20)







Therefore, substituting Equation (20) into Equation (17), the coordinates of point P are:


   {       x P  =  x R  −    r r      1 +    (  tan ξ  )   2      =  x i  −    r r      1 +    (  tan  α i   )   2      −    r r      1 +    (  tan ξ  )   2             y P  =  y R  +    r r  · tan ξ     1 +    (  tan ξ  )   2      =  y i  −    r r  · tan  α i      1 +    (  tan  α i   )   2      +    r r  · tan ξ     1 +    (  tan ξ  )   2             



(21)







Writing the equation of the line passing through point P and parallel to the fixed plate (Figure 10) that is straight and has a constant slope:


  y −  y P  =  m  p f   ·  (  x −  x P   )   



(22)




its intersection with x-axis is:


   {      y = 0       y −  y P  =  m  p f   ·  (  x −  x P   )         ⇒   −  y P  =  m  p f   ·  (  x −  x P   )   



(23)







Then follows


   x 0  =  x P  −    y P     m  p f      



(24)







The value x0 in Equation (24) allows correlating the roller’s position to the axial displacement of the moveable half-pulley. This correlation is valid in the various engine rotational speeds. Therefore, having determined a relationship between the belt position and the moveable half-pulley, it is possible to relate the roller’s position to the belt’s one, deploying Equation (6).



According to the coordinate system, the absolute value of x0 increases with increasing transmission ratio, while in the case of Equation (6), the axial displacement Sm decreases with increasing transmission ratio (see Figure 9).



To make the two systems coherent, Equation (25) is set.


   S m *  =  S  m   M a x   −  S m   



(25)







SmMax is the maximum value of moveable half-pulley axial displacement.



In order to relate the roller’s position to the belt’s one, Equation (24) is equated to Equation (25):


   |   x 0   |  =  S  m   M a x   −  S m   



(26)







This relationship makes it possible to determine the axial displacement of the semi-pulley. The displacement is expressed as a function of the position assumed by the roller in its movement along with the slide profile. The results obtained are a starting point for developing a mathematical model that can be applied to the design of V-belt CVT.





4. Conclusions


This paper analyzes the current design procedure used to develop a CVT system largely used in motorcycles and scooters with power up to 25 kW. The CVT system is used for its cost-effectiveness, lightweight, and reduced size. The paper shows that the CVT design presents important issues related to under-optimization in the different utilization scenarios that cause deterioration in efficiency or performance in use for different users’ classes. In particular, it is necessary to select a unique design configuration of the system among several missions, users, and vehicle profiles due to its development’s high time and cost. An accurate kinematic analysis of the transmission system has been developed in this paper to allow the development of a mathematical model that can be applied to speed up the design of V-belt CVT. The analysis presented shows the geometric design parameters, their interaction, and their variability as a function of the conditions of use of the transmission. Following this study, the dynamic analysis of the system can be developed, and finally, it will be necessary to carry out an in-depth experimental campaign to determine the values of the parameters to be included in the mathematical model to complete the dynamic analysis, according to the most varied operating conditions.
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Figure 1. CVT main components. 
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Figure 2. Images of the two half-pulleys and V-belt (a) and the front half movable pulley inner part (b). 
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Figure 3. Front assembly initial/starting configuration (a) and final configuration (b). 
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Figure 4. Front assembly configurations: initial/starting (a), intermediate (b), final (c). 
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Figure 5. The driven actuator. 
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Figure 6. CVT design flow chart. 
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Figure 7. The development path of the mathematical model for the roller curve design. 
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Figure 8. Axial displacement of the half-pulley. 
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Figure 9. Axial shift. 
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Figure 10. Typical movable half-pulleys axial displacement trend (Sc-driven one and Sm driver one). 
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Figure 11. The coordinate system adopted. 
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