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Abstract--This paper presents an experimental investigation on the speed and torque loss components 
of the power loss of a rubber V-belt continuously variable transmission (CVT) as operating conditions 
(parameters) change. These conditions include the speed ratio, belt tension, rotational speed, external load, 
diameters of the pulley, etc. A dynamometer is constructed to measure the speeds and torques of the 
driving and driven pulleys so as to identify the losses and efficiency of the experimental CVT. The power 
loss of the CVT is investigated not only at constant running speeds but during acceleration when the speed 
ratio changed continuously. An uncertainty analysis is then performed for the estimation of the accuracy 
of experimental data. In addition, the repeatability of the experiment was studied to guarantee that reliable 
results were obtained. Experimental results demonstrated that the power loss as well as transmission 
efficiency of the CVT differed from those of the V-belt drives. © 1997 Elsevier Science Ltd 

1. I N T R O D U C T I O N  

The advantages of smoother speed change, high-range speed ratio at rate speed and rate load, 
a simpler mechanism, low cost, less maintenance, etc., may be the main reasons for the rubber- 
V-belt continuously variable transmission (CVT) being popular in most Asian countries. More 
than 1.3 million motorcycles produced in Taiwan every year are equipped with this type of CVT. 
However, the characteristic of low transmission efficiency of the rubber V-belt CVT tends to be 
a major problem as it is used in electric motorcycles. The electric-powered motorcycles may 
mostly run in densely populated cities with frequent stops-and-goes. The essence of limited energy 
supply from batteries and especially low transmission efficiency has interested researchers in either 
improving the existing products or developing a class of new-type CVTs. 

The speed and torque losses of rubber V-belt drives (without speed-ratio change) have been 
extensively analyzed for the past 30 years. Firbank [1] discovered that speed loss between the 
driving and driven pulleys was mainly due to creep arising from shear strains in the belt envelope. 
Childs and Cowburn [2] performed a series of measurements on the power loss of flat and V-belts 
associated with a very small pulley. They found that the reduced efficiency of belts that do not 
match their pulley groove angles may be due to greater radial compliance of these belts. In the 
companion paper [3], the experimental study quantified the effects of pulley radius, belt tension and 
belt deformation properties on speed and torque losses during power transmission. 

Since the year of 1972, Gerbert [4--7] has done a thorough investigation on the mechanics of 
rubber V-belt drives. A unified slip theory [7] was proposed for the V-belt drives considering four 
factors that may affect belt slip, i+e. elastic creep along the belt, compliance in the radial direction, 
shear deflection that varies both radially and axially, and flexural rigidity during seating and 
unseating. This paper summarizes the reasons for the speed loss of rubber V-belt drives. On the 
other hand, Gervas and Pronin [8,9] proposed that the torque loss of rubber V-belt drives resulted 
mainly from: (1) hysteresis losses in the materials when the belt was bent on and off the pulleys, 
and the belt was compressed into the groove of the pulleys; (2) the radial sliding losses as the belt 
is continuously wedged into and out of the pulleys. 

Besides the aforementioned torque-loss mechanisms of rubber V-belt drives, there exists 
an additional factor for the torque loss of the CVT. During the speed-ratio change of the CVT, 
the belt travels along a non-circular trajectory, it may induce loss in the radial direction [10, 11]. 
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The objective of this study is to investigate experimentally into the speed and torque losses of 
a rubber V-belt CVT at various running conditions. These conditions include the speed-ratio 
change, belt tension, rotational speed of the pulleys, external load, diameters of pulleys, etc. 
The transmission efficiency of the CVT will also be investigated as the speed-ratio changes during 
acceleration. 

2. DESCRIPTION OF THE RUBBER V-BELT CVT 

The rubber V-belt CVT investigated herein featuring a mechanical-type feedback control 
system is mainly used in motorcycles. The CVT shown in Fig. 1 consists of a driving and a driven 
pulley joined by a rubber V-belt. Each pulley consists of a fixed flange and a movable flange that 
moves axially to result in speed-ratio change. The movable flange of the driving pulley is forced 
toward the fixed flange axially under the actuation of the centrifugal roller as the input speed 
increases. 

The movable flange of the driven pulley is equipped with a torque-controlled tensioning 
mechanism. This mechanism consists of a simple helical cam being attached to the fixed flange, 
a cam follower that is incorporated into the movable flange, and a compression coil spring which 
keeps the belt tension induced axial force and the force exerted by the helical cam in equilibrium. 
As the torque load increases, the belt tends to rotate the movable flange and force it to slide toward 
the fixed flange. This decreases the width of the pulley's groove and causes a slightly larger belt 
diameter, and then results in the rise of the belt tension which can force the movable flange of the 
driving pulley to slide away from the fixed flange and therefore create a smaller belt diameter. 
As the torque load increases, it will cause the elongation of the belt. Such elongation increases 
the belt tension which, in turn, enables the drive to transmit higher load without slippage. 

3.  EXPERIMENTAL SET-UP 

This paper mainly investigates the effects of various parameters on the transmission efficiency 
of a rubber V-belt CVT. Table 1 presents the detail specification of this device. A dynamometer 
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Fig. 1. The main components of the experimental CVT. 
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Table I. Specification of the experimental rubber V-belt CVT system 

Item Value Unit 

Mass of centrifugal roller 10 g 
Number of centrifugal roller 6 --- 
Angle of centrifugal roller hub 29 
Wedge angle of driving pulley 28 
Wedge angle of driven pulley 28 
Angle of torque cam slot 45 
Driving to driven axis distance 212 mm 
Spring constant 40,000 N/m 
Maximum speed ratio 2.5 
Minimum speed ratio 1.0 - -  

is, therefore, constructed for accomplishing the desired function. Figure 2 shows a photograph of  
the dynamometer  consisting of an experimental CVT which is installed in a type of  motorcycle, 
a power source, an external load, and the associated instruments. A detailed arrangement of  
the dynamometer  is illustrated in the schematic diagram shown in Fig. 3. The CVT is driven by 
a 3-phase a.c. induction motor  (Model AEEF, Tung Yuan Electric Co. Ltd,) with a maximum 
power output  of  7.5 kW. The top speed of  the motor  is only 3600 rpm and it is not adequate for 
simulating the input speed of  the CVT driven by either a small gasoline engine or an equivalent 
d.c. brushless motor.  Therefore, the output speed of the motor  is amplified by a belt drive to reach 
9000 rpm. 

The external load of  the CVT is provided by a d.c. separately excited motor  (Model SJ-010, 
Tung Yuan Electric Co. Ltd.) which serves as a power generator herein, and a magnetic brake 
(Model PB-2.5, Ogura Clutch Co. Ltd.) These two loading devices are arranged in parallel 
for simulating the road resistance. The d.c. motor  has a maximum power output of  7.5 kW and 
1750 rpm for the top speed. The maximum braking torque and allowable speed of the magnetic 
brake are 2.5 kgm and 1800 rpm, respectively. In order to match the specifications of  the d.c. motor  
and magnetic brake, a reduction gearset of  5.5:1 is installed between the output of  the CVT and 
the external load. 

The power output of  the d.c. motor  is dissipated by a resistive load while the heat generated 
from the magnetic brake is force-cooled by an air compressor. The reason for the employment of  
two loading devices lies in the fact that the latter can provide a steady braking torque for the 

Fig. 2. Photograph of the dynamometer. 
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Fig. 3. Schematic of the experimental setup and instruments. 

measurement at low road resistance and low speed condition. At high speed and high road 
resistance condition, the capacity of the magnetic brake is no longer adequate and the d.c. motor 
is then activated to compensate for the insufficient braking torque. For the purpose of allowing 
the belt tension of the CVT to be adjustable, the driven pulleys and the associated torque transducer 
are mounted on a movable linear guide, so that the sum of the tension in the tight and slack sides 
of the belt can be measured by a load cell. 

4. INSTRUMENTATION 

The instruments of the dynamometer include two torque transducers and two optical encoders 
for measuring the input and output torques and speeds of the CVT, respectively, two laser 
displacement sensors for detecting the radii of the two pulleys, and a strain-gauge type load cell 
to acquire the sum of the belt tension of the CVT. 

The torque transducers (Model TP2K-CB, Kyowa Instruments Co. Ltd.) are of the same type, 
with the maximum capacity of 2 kgm and the allowable speed up to 9000 rpm which can well fit 
the operating condition of the CVT. One of the torque transducers is located between the a.c. 
induction motor and the CVT's input end to measure the input torque of the CVT. The other one 
is positioned between the reduction gearset and the output end of the CVT to monitor the output 
torque. The torque transducers are used in conjunction with a strain-gauge conditioner/amplifier 
system (Model 2100, Micromeasurements Group Inc.) The signals from the instrument are passed 
through two NF decade filters of type E-3201A which operate as analog low-pass filters with a 
cut-off frequency of 160 Hz in order to remove electronically induced noise prior to being digitized 
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by the analog to digital converter, Advantech PCL-812PG A/D & D/A interface card, and recorded 
by a PC-486 personal computer. 

Two identical optical encoders (Type RI-58, Hengstler) are employed for the measurement 
of CVT's input and output speeds. The resolution of the encoders is 4000 quadratures per cycle. 
The signal from the encoders is decoded by an Advantech PCL-833 interface card which is 

' installed in the PC-486 personal computer to calculate and record the speeds. The PCL-833 
interface card is a 3-axis quadrature decoder and counter card which admits 1.0 MHz quadrature 
input rate. 

The sum of the tight- and slack-side belt tension is measured by a load cell (Type S-020, Jihsense 
Instruments Co. Ltd.). One end of it is bolted to the linear guide on which the driven pulley is 
mounted while the other end is fixed on the support of the driving pulley. The load cell has a 
maximum capacity of 20 kg. With this load cell the variation of the belt tension during speed-ratio 
can be measured. 

Two laser displacement sensors (Type LB-1101, Keyence Co.) are employed to measure the 
variation of the pitch radii of the driving and driven pulleys of the CVT. The signals from the 
sensors are also recorded by the personal computer via the A/D interface card. In addition, 
the speed of the a.c. induction motor can be feedback controlled via D/A interface card and an 
inverter. The load from the d.c. separate-excited motor can be controlled by tuning the field 
excitation voltage. By monitoring the speed of the CVT, the braking torque of the magnetic brake 
is feedback controlled to simulate the road resistance by a programmable d.c. power supply which 
is activated by signals from the computer. 

5. P O W E R - L O S S  M E C H A N I S M S  

The power-loss mechanisms may be classified into two categories: torque loss and speed loss. 
Table 2 summarizes the loss mechanisms. The related equations are listed in the Appendix. 

During power transmission, the belt undergoes cyclic tension and compression deformation when 
it is bent on and off the pulleys. This results in torque loss due to bending hysteresis that depends 
on the elastic properties and the magnitude of flexure of the belt. As the belt enters into the pulley, 
it enters at a position with a radius larger than that of equilibrium. On the other hand, as the belt 
exits from the pulley, it tends to leave the pulley at a location with a radius less than that of 
equilibrium. Additional power consumption is required to overcome the frictional force, and this 
is the torque loss due to belt wedge-in and wedge-out of the pulley. Within the contact arc, the 
belt undergoes a non-circular trajectory, a radial sliding loss at the belt/pulley interface is induced. 
While the belt is entering into the pulley, it is compressed against the pulley in the transverse 
direction, and is released when it leaves the pulley. Power loss may be introduced during the 
compressive process. 

The well-known "belt slip" was found originally by Reynolds [12]. Slip phenomenon featuring 
the decrease of rotational speed was characterized as the relative motion between belt and pulleys 
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Fig. 4. Efficiency distribution of the repeatability experiment. 
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Table 2. Summary of the power loss of a rubber 
V-belt CVT 

Power loss Loss mechanisms 

Torque loss 

Speed loss 

1. Bending hysteresis. 
2. Wedge-in & wedge-out. 
3. Radial (sliding) motion. 
4. Compression. 

1. Belt extension. 
2. Rubber compliance. 
3. Shear deflection. 
4. Seating & unseating 

caused by belt stretch. Gerbert [7] summarized the slip theory and classified the loss mechanisms 
of belt slip into creep, radial compliance, shear deformation, seating and unseating. Belt slip 
featuring the speed loss of belt drives account for a minor portion (less than 3%) of power loss. 
However, it may seriously effect on both belt life and accuracy of precision transmission. 

For  the evaluation of power loss and transmission efficiency of the rubber V-belt CVT, the 
following equations are frequently employed. First, the power transmitted by the CVT, P, is 
defined as 

P = T.~o (1) 

where T and e~ represent the torque and speed of a transmission. The efficiency of the CVT, r/, 
may be expressed by 

TN" O)N 
r /=  TR'OR (2) 

The sub-indices R and N stand for the driving and driven pulleys, respectively. By differentiating 
equation (1) and dividing all terms by power, P, the expression for power loss may be represented 
by the sum of torque and speed losses 

dP do~ dT  
e - e9 + T (3) 
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Fig. 5. The performance of the CVT at 2400 rpm. 
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The speed loss of the CVT is defined as 

d(D 
(2) 

(DR - -  ~ ' ( D N  

(DR 

where Sr is the speed ratio. Similarly, the torque loss is defined as 

dT TR-  TN/Sr 
T TR 

Equations (2), (4), and (5) are used in this study to describe the performance of the CVT. 

(4) 

(5) 

6. AN UNCERTAINTY AND REPEATABILITY ANALYSIS 

All instruments and data acquisition systems have their own resolutions for any measurement 
and data-transfer process. This leads to errors in the experimental results. An uncertainty analysis 
is necessary for the estimation of the accuracy of experimental data. The uncertainties calculated 
in this study are based on the resolution of each piece of equipment and do not account for the 
error due to environmental change and improper installation. 

According to the equation of transmission efficiency [equation (2)] and taking variation of each 
component and the square root of the total square sum, the uncertainty of the efficiency may be 
expressed as 

c~r/= T_T_T_T_T_T_T_T_T_T_~.C~TN + TR(DR.~(DN + TN(DN TN(DN \~.(D. / \I.(D~ / / (6) 

Table 3 lists the uncertainty of each instrument by introducing the resolution into the calculation. 
In addition, the uncertainty depends on the operating conditions; Table 4 presents the uncertainty 
of the efficiency under a specified operating condition. 

In addition to the uncertainties of the measuring equipment, errors may also result from 
environmental effects in the experiment. For example, the elevation of belt temperature may change 
the material characteristics and so influence the efficiency. Similarly, the rise of environmental 
temperature may cause the signal of the amplifier drifting. Besides, the quality of installation of 
the CVT will also affect the accuracy of the measurement. 

e., 
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Fig. 6. The performance of the CVT at 3600 rpm. 
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Table 3. Uncertainties of  the instruments 

___ Uncertainty in torque: 6T _ Uncertainty in speed: 6w 

Equipment Torque transducer A / D  converter Encoder 
Results 6.54 x 10 -3 N m  5.36 x 10 -3 N m  0.157 rad/s = 1.5 rpm 
Total 11.9 × 10 -3 Nm - -  

Table 4. Uncertainty for the efficiency at a specified operating condition 

Term TR T~ OgR O~N Sampling rate dr/ 

Operating 1.09 1.42 3600 1391 100 
conditions N m  N m  rpm rpm Hz 
Uncertainty 0.695% 

Table 5. Operating conditions for the repeatability experiment 

Item Value 

Rotating speed of  driving pulley 3600 rpm 
Torque for driven pulley 1.42 N m  
Sampling rate 100 Hz 
Record period 10 s 
Recorded data for each experiment 1000 

Attention has been paid to the details of the experiment, such as keeping the belt temperature 
constant, warming up the amplifier prior to measurement, etc. The repeatability of the experimental 
results is analyzed statistically by performing 100 sets of experiments under a specified operating 
condition shown in Table 5. The probability distribution of the efficiency is shown in Fig. 4. The 
sample mean is 65.79%, and the standard deviation is 1.075% which differs only 0.4% from the 
instrumental uncertainty. It is worth noting that the difference between the maximum and minimum 
values of the efficiency is about 4.46%. 

7. R E S U L T S  A N D  D I S C U S S I O N  

Figures 5 and 6 present the performance of the CVT, i.e. the variation of the speed loss, torque 
loss, and efficiency with respect to the change of external loads as the belt tensions are kept constant 
at 113 and 122 N, and the input speeds are at 2400 and 3600 rpm, respectively. Each value shown 
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Fig. 7. Speed loss as a function of coefficient of  traction. 
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in these figures is the statistical mean of 1000 samples. Clearly, the power loss is mainly produced 
by means of torque loss while only less than 3% may attribute to speed loss at normal operating 
condition (i.e. not at a gross slip condition). Moreover, the efficiency grows as the external load 
increases, that may attribute to the decrease of torque loss. 

The speed loss increases slightly as the external load becomes larger. The reason for this 
phenomenon lies mainly in the elastic creep of the belt [7, 10]. Figure 5 shows that gross slip appears 
when the external load exceeds 0.58 kgm, this results in the efficiency detracting severely. Similar 
results were also obtained by Gerbert and De Mare [13] who employed the coefficient of friction 
2 = (FT --  F s ) / ( F T  + Fs) to indicate the existence of gross slip as 2 > 0.9. The experimental result 
agrees with the theory well (Fig. 7). 

Figures 8 and 9 illustrate the performance of the CVT with respect to input speeds as the external 
loads are kept constant at 0.15 and 0.32 kgm, respectively. In this experiment, data is taken about 
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Fig. 10. The efficiency of the CVT during acceleration at 0.15 kgm. 

every 600 rpm and recorded as the speeds reach constant, i.e. steady state. Again, each value 
represents the statistical mean of 1000 samples. In order to clearly explain the results, let us divide 
the figures into two regions. In the region for the speed smaller than 3600 rpm, the efficiency has 
no significant change as the input speed varies. However, in the region for the speed larger than 
3600 rpm, the efficiency rises obviously as the input speed increases, especially at the low external 
load condition, i.e. 0.15 kgm, the efficiency gains up to 10%. The reason for this phenomenon may 
be referred to as the decrease of speed ratio, i.e. the belt is at the larger pulley diameter. This results 
in the reduction of the radial sliding loss because the belt is being wedged into and pulled out of 
the pulley at the shortest distance. 

Figures 10 and 11 present the efficiency of the CVT under the running conditions of identical 
angular acceleration of 13 rad/s/s, but different external loads of 0.15 and 0.32 kgm, respectively. 
Again, these figures illustrate that the efficiency grows as the external load increases, and the 
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efficiency has no significant change as the input speed varies at the region without the change 
of  speed ratio. Compare these results with the steady-state running conditions as shown in 
Figs 8 and 9. The efficiency is lower in the transient condition, and especially in the speed-ratio 
change region. This may attribute to the reduction of radial sliding loss. 

A major difference between the belt drive and CVT is that the total belt tension, i.e. the sum 
of  tight- and slack-side tensions, of  the latter has no evident change as the external load becomes 
larger. Figure 12 clearly demonstrates this phenomenon as the external loads are 0.25 and 0.50 kgm, 
respectively, and the angular acceleration is 13 rad/s/s. The growth of the total tension during 
acceleration may result from the axial force exerted on the belt by the pulley. This axial force may 
be generated by either the centrifugal roller in the driving pulley or the compression spring in the 
driven pulley. 

8. CONCLUSIONS 

An experimental study has been performed on the speed- and torque-loss components of power 
loss of  a rubber V-belt CVT. A dynamometer is constructed for measuring the input and output 
speeds and torques, belt tensions, etc. The results illustrate that some of  the phenomena of the 
rubber V-belt CVT are different from those of  the V-belt drives. For  instance, the speed-ratio 
change, the axial force and the total tension variation have significant effects on the efficiency of 
the CVT. Experimental results show that for the same installation conditions (belt length and the 
center distance between driving and driven shaft), the efficiency reaches a maximum value as the 
speed ratio closes to 1,0. This study may provide some concepts for the design of high efficient 
CVT systems. 
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APPENDIX 

Torque-loss Mechan&ms 
Loss due to bending hysteresis 

The torque loss is defined as the amount that the actual driving torque exceeds the ideal driving torque. The torque loss 
in a V-belt drive due to belt flexure, ATr, was derived by Gervas [8], in which a coefficient of recovery in tension, for different 
types of belts was introduced in the expression 

2 ~ (1 - vr)'Erl'v 
i " 1 

ATr = 75 '~t ~-~ (A1) 

where Ef is the Young's modulus of the belt; I is the moment of inertia of the belt with respect to the neutral axis; v the 
speed of the belt; and R is the radius of the pulley. 

Loss from the belt wedge-in and wedge-out of the pulley 

The torque required to insert the belt into the pulleys and then remove it out may be considered as the torque loss, ATw, 
due to the belt wedge-in and wedge-out of pulleys. Micklem et al. [9] defined the influence factors for the driving and driven 
pulleys, ks and kR, respectively, in the expression of this type of torque loss. 

where TN is the torque in the driven pulley; FT is the belt tension in the tight side; RN and RR are the radii of the driven 
and driving pulleys, respectively. 

Loss in radial sliding 

By introducing a dimensionless belt deformation parameter (g.E.I/R4) ~12 arising from a simplified analysis, Childs and 
Cowburn [3] derived an empirical expression for the torque loss, ATs, due to radial sliding between the belt and pulley. 

ATs = (0.0075 _+ 0.05){(Fr + Fs)R}(g.E.I/R') '/2 (A3) 

where Fs is the belt tension in the slack side and g is the radial compliance of the belt. 

Loss due to transverse compression 

As the belt enters into the groove of the pulley, the belt is compressed in the transverse direction. The torque consumed 
in the compression behavior was derived by Gervas and Pronin [9]. 

Arc = (l -- vc)(F~ - ec)%.v f ~ ~ 2  
2.Ec.D2.h \ t an  [3/2+1~} (A4) 

where ATc is the power loss due to compression; vc and Ec are the coefficient of recovery and Young's modulus in 
compression, respectively; ap and h are the width and thickness of the belt, respectively; Fc is the belt tension generated 
from centrifugal force; v and fl are the speed and wedge angle of the belt, respectively; and tt is the coefficient of friction. 

Speed-loss Mechanisms 
A unified slip theory, considering creep, shear, seating/unseating, and compliance, was proposed by Gerbert [7] for flat belts, 
V-belts, and V-ribbed belts. Since the speed-loss mechanisms of the rubber V-belt CVT are similar to those of V-belt drives, 
the total non-dimensional speed-loss quantity for the CVT, Am*, are referred to as 

At~' and Aco~' represent the losses due to belt extension and rubber compliance, respectively. Acoi~ and Aco~' indicate the 
losses due to shear deformation and seating/unseating in the driving and driven pulleys. 

Belt extension 
A linear relationship between slip and transmitted torque was developed by Gerbert [7] for the speed loss due to belt 

extension. This type of slip was usually called creep and formulated as 

F r -  Fs Aco~' = ~ = 2 (A6) 
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Rubber compliance 
The rubber layer of the belt that subjects to a radial load, F/R, is compressed radially against the pulley. This leads to 

an output speed reduction depending on the transmitted torque. 

Aco8 = K---~.2 = c*.2 (A7) 

where c and c* are the strain stiffness along the belt and relative stiffness, respectively, k is the radial spring constant. 

Shear deformation 
The shear deformation is strongly non-linear with respect to the transmitted torque. The speed loss, Ao)t~, may be 

expressed as 

c (ArT ~ AVs) (A8) a~ot~ = ~ - -  

where Avr/v and Avs/v are the speed loss at the driving and driven pulleys, respectively. 

Seating and unseating 
Bending stiffness in the belt reduces the contact arc and thereby also the non-sliding arc which contributes to the belt 

slip. The speed loss change, Acos*, caused by the change in the radius of curvature, p, during the belt seating and unseating 
on the pulley is 

Ao), = H s ( 1 - R ) o J  (A9) 

where Hs is the sliding thickness. 


