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1 Introduction 
 
Since its introduction over 15 years ago, the CVT has contributed to the improvement of fuel economy of 
passenger cars. It gives a better fuel economy than the stepped automatic transmission (AT) due to its 
wider ratio coverage and its ability to shift ratio without compromising comfort. Another advantage is that 
it allows for the torque converter to lock up at lower vehicle speeds than when an AT is applied. 
Unfortunately, the metal V-belt CVT does not have a much better efficiency than the AT. An important 
reason for this is that it needs significantly higher hydraulic pressure for variator actuation purposes, 
(typically up to 50 [bar]) than an AT does, which leads to a larger oil pump drive torque. Since the oil 
pump usually rotates at a speed proportional to engine speed, quick ratio shifts at low engine speed dictate 
rather large pump displacement. For a typical CVT, rated at 200 [Nm], the pump displacement amounts to 
about 19 [cc/rev]. Making use of the double piston principle in combination with a two stage torque 
sensor, allows for a more favorable pump displacement of 11 [cc/rev] at 310 [Nm] rated torque [2].  
 
Additionally, the power loss in the variator (defined as belt, pulleys and shaft bearings) is not small. This 
leads to transmission efficiencies which barely exceed 90 [%] at rated load. Under part load conditions, 
efficiency drops even further. This is caused by limitations in the actuation system, preventing the 
clamping force to drop to sufficiently low values, causing over-clamping. In order to prevent variator slip, 
over-clamping is applied, causing increased variator torque loss. It is mainly by these causes that the 
efficiency may have dropped to values below 75 [%] at 25 [%] of rated load. On various driving cycles 
used for fuel consumption benchmarks, a large time fraction is spent in part load conditions. Therefore, 
improving part load efficiency receives considerable attention. Improving efficiency at rated load will be 
beneficial for high torque situations like top speed, launch and fast acceleration maneuvers.  
 
In order to reduce actuation system power consumption, Bradley and Frank [3] proposed a servo-electro 
hydraulic system, largely eliminating excessive oil flow. The pumps need to deliver enough flow to 
compensate for seal leak. A reduction of actuation power of about one order of magnitude was reported. 
 
By using variator slip as a control variable for determining the distance between actual clamping force and 
the slip threshold at which the variator is irreversibly damaged, Faust et. al. [2] indicate a transmission 
efficiency improvement of almost 2 [%].  
 
This paper first shows the principle of the CVT. Next, the modeling of the efficiency of the reference 
transmission will be presented. The most important models, describing variator torque and slip loss and 
pump power loss, were based on measurements on a commercially available CVT. Losses in the final 
drive and clutch drag losses are based on literature data. Next the transmission efficiency improvements 
that can be expected after replacing the hydraulic pump with a servo-electromechanical actuation system 
(EMPAct) and after introduction of variator slip control will be presented. Simulations will show the fuel 
consumption benefit of these measures.  
 
For the EMPAct system simulations are made in Matlab/ Advance. Advance is a simulation package 
developed by TNO Automotive. The EMPAct system strongly reduces the power needed for clamping and 
shifting the variator. It avoids the situation where an engine driven pump delivers excess oil at high 
pressure at elevated engine speeds, thereby not only improving part load but also full load transmission 
efficiency. Slip control allows the variator clamping force to be set to very low values, thereby avoiding 
losses associated with over-clamping. Slip losses, which are usually neglected in a CVT efficiency 
assessment, are seen to increase somewhat when the clamping force is lowered and must therefore be 
taken into account. The models for the EMPAct system and the slip controller are implemented in the 
Advance simulation and the results are compared to the measurements.  
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2 Continuously Variable Transmission 
 
Applying a Continuously Variable Transmission (CVT) in an automotive driveline has several advantages. 
A CVT can operate at a wider range of transmission ratios, therefore the engine can be operated more 
efficiently than with a stepped transmission. Also, a CVT does not abruptly change the torque level when 
shifting. This gives a smoother ride than a stepped transmission does. A V-belt based CVT uses a belt or a 
chain to transmit torque from a driving side to a driven side by means of friction. The layout of the CVT 
and the V-belt are shown in Fig. 1 and Fig. 2.  
 
The variator consists of two pulleys, which are wedge shaped. Both pulley sets have a fixed and a 
moveable pulley, in opposite position. The movable pulleys are actuated by hydraulic pressure cylinders. 
By changing the axial position of the pulley sheaves the ratio of the CVT can be adjusted. The variator can 
cover any ratio between two extremes as shown in Fig. 1, low and overdrive. 
 
The V-belt consists of blocks, which are held together by two rings. These rings consist of a set of bands, 
see Fig. 2. To achieve torque transmission, sufficiently high clamping force levels are needed to prevent 
slip in the variator. Because the torque level is not exactly known at all times, since no torque sensor is 
used due to cost and packaging considerations, a safe clamping force level based on the maximum 
possible load is maintained at all times. This safety level is based on the assumed maximum shock load 
levels from the road and the engine torque. 
 

 

Figure 1: Low ratio and Overdrive Figure 2: V-belt with steel bands 

V-shaped steel elements 

Laminated steel bands 

 

3 Reference transmission efficiency modeling 
 
For benchmark purposes, the 2 liter class Jatco CK2, manufactured by Jatco Transtechnology Co. Ltd. is 
selected. This type of transmission will also be used as a carrier for the servo-electromechanical actuation 
system that is currently in the realization phase. The reference transmission comprises a torque converter 
as drive-off element, a DNR set, a hypotrochoid gear pump, a push-belt type variator, followed by the 
final reduction and differential gear [4]. The majority of the presented data will be limited to the over-
drive ratio, since this ratio is most relevant for fuel economy evaluations. 
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Figure 4: Variator input torque versus variator 
output torque at fixed secondary clamping force at 
low and OD ratio. The line represents a fit of Eq. 4 
to the data. 

Figure 5: Variator efficiency versus safety factor 
Sf  (over-drive, 1500 [rpm]) 

 

By removing the intermediate shaft, power loss in the final reduction was eliminated from the 
measurement. By switching the transmission into drive and applying torque converter lock-up and by 
subtracting pump torque loss from the measured data, variator torque loss as a function of input speed, 
ratio and clamping force could be determined over a wide operating range. A result from these 
measurements is shown in Fig. 5. Here, the data is used to calculate variator efficiency as a function of 
safety factor Sf, which is defined as the ratio of actual clamping force and the minimum clamping force, 
required for transfer of a specific input torque at a specific variator ratio. The graph shows that Sf must be 
reduced to the lowest possible value in order to obtain the best variator efficiency. Usually, lowering of 
the safety factor is severely limited, especially for part load conditions. Very often, the secondary or line 
pressure, which is directly related to secondary clamping force, cannot be lowered to values below 5-7 
[bar]. This is caused by the fact that auxiliary pressures, which should not drop below 5-7 [bar], are 
derived from line pressure. Low safety value at low nominal torque increases the risk of variator slip 
caused by torque peaks originating from road irregularities. This forms another reason why safety values 
are seen to be considerably higher than 1 in practice. 
 

3.4 FINAL REDUCTION LOSSES  
 
The final drive of the CVT is similar to that found in any conventional transmission and can be modeled in 
a similar way. The calculations have been based on literature data [5] and references therein. Bearing 
losses, oil churning losses and gear meshing losses have been taken into account. During measurements it 
was noticed the torque losses in the final reduction depends on the applied torque to the primary shaft. 
This is in line with the literature data [10]. 
 

4 Reference transmission loss breakdown 
 
The efficiency analysis mentioned in the previous sections was used to generate Fig. 6, showing the power 
loss breakdown of the reference transmission in overdrive at input speed of 1500 [rpm]. 
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5.2 THE SERVO-ELECTROMECHANICAL ACTUATION SYSTEM 
 
In order to assess the apparent advantages of an all-mechanic system, an electrically driven variator 
actuation system has been proposed by van de Meerakker et al. [1]. This system is schematically shown in 
Fig. 7 and is characterized by the following features: 
 
• Both moveable sheaves are actuated by means of electric motors (Mp and Ms in Fig. 7) 
• Both motors are stationary when both clamping force and variator ratio are constant. This is 
accomplished by applying two differential gear sets at each shaft, serving as a decoupling mechanism 
between the rotating transmission shafts and the transmission housing. 
• By coupling two moving ring gears of the adjustment mechanisms, shifting energy can be exchanged 
between one movable sheave which is shifted with positive power and the other shifted with negative 
power. 
• It is important to note that the EMPAct system calls for a novel way of estimating the clamping force, 
since a hydraulic pressure signal is absent. Slip control seems therefore to be a logical approach for 
assessing the clamping status of the variator. 
• Clamping force loops are closed on the rotating shaft and not supported via the transmission housing, 
thereby avoiding highly loaded thrust bearings. 
• A separate low pressure pump for auxiliary hydraulic functions is required. 
 

 
Figure 7: Schematic representation of the EMPAct system 
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simulate a driveline both electric motors should be controlled. The test rig is controlled with Matlab/ 
Simulink in combination with a dSpace data acquisition system. 
 
To track a reference from a driving cycle, a driveline controller is implemented which calculates the 
necessary throttle position and brake torque. To obtain a stable behavior which minimizes the tracking 
error, a PI controller is used with anti-windup. A variogram is used to get a reference for the CVT input 
speed, given the vehicle speed and the throttle position. The throttle position has been calculated with an 
inverted engine torque map. Here the measured engine torque and engine speed result in a throttle 
position. With the test rig the NEDC cycle and the FTP-72 cycle are simulated. Both cycles are shown in 
Fig 11. 

 
Figure 11: Speed cycles: NEDC and FTP-72 

 
Now the results of the measurements can be compared with the results of the reference model described in 
chapter 3. This comparison is done in order to check the correctness of the implementation of various 
component loss models and also to ascertain that these models can be used also under loaded conditions. 
The engine speed, primary speed, secondary speed and engine torque of the measurements are the inputs 
for the reference model. In Fig. 12 and Fig. 13 the comparison of secondary pressure and torque loss 
between the measurements and the reference model (Variant A) is given. What can be noticed is the 
difference in secondary pressure. This difference is caused by the difference in the modeling of the torque 
converter. In the model only an estimated clamping force multiplier is used for take off. On the test rig the 
model of the torque converter has a safety factor which assures there will be enough clamping force on the 
secondary pulley to prevent slip. The differences in secondary pressure are shown not to have a large 
influence on the torque losses. Fig. 13 shows that the model predicts the torque loss accurately. Only for 
higher speeds and therefore higher input torque the model has some difference compared to the 
measurements. The most likely explanation for this discrepancy is that the final reduction exhibits more 
torque loss than what was calculated on the basis of models.  
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Figure 12: Secondary pressures for the NEDC and FTP-72 cycle 

 

 
Figure 13: Torque loss for the NEDC and FTP-72 cycle 

8 Modeling total EMPAct losses  
 
For analysis, control design and testing of the electro-mechanically actuated CVT, a simulation model is 
built [11]. The model incorporates all major driveline components and the proposed actuation system with 
servomotor actuation. The clamping forces in the variator are calculated using an explicit formulation of a 
model based on Coulomb friction. The model also includes slip and shifting losses based on transient 
variator models.  
 
For torque loss calculation due to the friction forces in the bearings, gears and spindles, Lugre friction 
models are incorporated in the model [11]. To calculate the power consumed by the actuation system, 
electromotor models and characteristics are taken into account. Also the power loss due to the external oil 
pump used for auxiliaries is taken into account.  
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9 Fuel consumption calculations with Advance 
 
In order to assess the potential for fuel economy improvement, the data described in section 3 was used in 
the simulation package Advance, developed by TNO Automotive [12]. This package allows for detailed 
fuel consumption simulations. 
 
With the simulation package first a comparison has been made between the results measured on the test 
rig and the results from Advance with the conventional CVT with control strategy Sf = 1.3 (Variant A). 
Both results are measured with a minimum secondary pressure of 6.6 [bar]. In Fig. 14 the torque loss and 
secondary pressure for the test rig and for the Advance simulation are drawn. From this figure it appears 
the results look sufficiently similar. The results show that the model of the torque converter in Advance 
can be compared to the model of the torque converter on the test rig, because now there is only a minimal 
difference in the secondary pressure between the measured cycle and the simulated cycle. 
 
Efficiency and fuel consumption improvement can be reached when it becomes possible to decrease the 
minimum line pressure (for example Variant C and Variant D from table 1). Decreasing the line pressure 
will increase the risk of slip. As mentioned before, road irregularities may cause short torque peaks in the 
drive train, causing a temporary macro-slip condition. The implemented slip controller should avoid these 
problems. Interesting is the question in which way the control strategy Sf = 1.3 can handle with such 
torque peaks.  

 
Figure 14: Torque loss and secondary pressure 

In Fig. 15 a simulation is shown with the reference CVT with a minimum line pressure of 6.6 [bar] 
(Variant B) in comparison with a CVT with minimum line pressure of 1.35 [bar] (Variant D), both slip 
controlled. These results show that the CVT with decreased minimum line pressure has lower torque 
losses, while the amount of slip is within acceptable limits. So when the line pressure can be decreased, 
the efficiency will increase and the fuel consumption will decrease. Also the fuel consumption for both 
cases can be simulated. As expected, the fuel consumption for a CVT with minimum line pressure of 1.35 
[bar] (Variant D) will be lower and gives a benefit of approximately 2.2 %. The same simulation can be 
done for the FTP-72 cycle. For this cycle the CVT with decreased minimal pressure gives a profit of 
around 1.5 %. 
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 Figure 15: Secondary pressure, torque loss and slip for the reference 

CVT (B) and the CVT with decreased minimal pressure (D) 
 

In Fig. 16 the comparison has been made between a CVT with decreased minimum line pressure psec_min = 
1.35 [bar] (D) and the EMPAct system (E). The secondary clamping forces resulting from the 
measurements are almost equal. The advantage of the EMPAct system is the removal of the oil pump, and 
therefore the removal of these torque losses. The oil pump always rotates at engine speed and therefore 
dissipates always an amount of power. The torque losses for the EMPAct system are significantly lower.  
 
Because of the decrease in torque loss for the EMPAct system, the efficiency will increase and therefore 
the fuel consumption will decrease. In comparison to a CVT with decreased minimum line pressure of 
1.35 [bar] (Variant D), the new EMPAct system (Variant E) has an advantage of almost 4 percent for the 
NEDC cycle.  

 
 Figure 16: Secondary clamping force, torque loss and slip for the CVT 

with decreased minimal pressure (D) and the EMPAct system (E) 
 

When the EMPAct system (E) is compared to the conventional CVT (Variant A) an advantage of 6 
percent can be reached, see Fig. 17. For the FTP-72 cycle the same simulations can be made. Also here the 
EMPAct system (E) results in lower torque losses and slip can be kept within acceptable limits. For the 
FTP-72 cycle the EMPAct system (E) has a fuel consumption benefit of 4.2 percent compared to the CVT 
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with decreased line pressure (D). In comparison with the conventional CVT (A), the EMPAct system (E) 
has a benefit of around 5.7 % with respect to fuel consumption. 
 

 
Figure 17: Fuel consumption for Variant A and Variant E during the NEDC cycle. 

The results for the two different speed cycles are summarized in the table 2. 
 
Table 2: Fuel consumption reduction for different clamping force control strategies 

Clamping force control strategy Fuel consumption reduction [%] 

Reference: Compared to: NEDC FTP-72 

Safety strategy 1.3 (A) Slip controller (B) 0 0 

Slip controller (B) Slip controller with 
minimum pressure (D) 

2.2 1.5 

Slip controller with 
minimum pressure (D) 

EMPAct (E) 4 4.2 

Safety strategy 1.3 (A) EMPAct (E) 6 5.7 

 
10 Conclusions and recommendations 
 
Both model calculations and test rig measurements have been used to construct a detailed efficiency 
model of a commercially available CVT. The model results are compared to the measurements results and 
show similarity to these results. By subtracting pump loss and adding loss due to the EMPAct system and 
by mapping variator loss as a function of over-clamping, the effect of the new actuation system and slip 
control on the efficiency can be estimated and an indication is given for the consequences for fuel 
consumption. By applying a servo-electromechanical actuation system and variator slip control, 
significant reduction of power loss can be expected. This leads to a large improvement of efficiency, 
especially at part load, which in turn leads to a significant fuel economy potential, especially on driving 
cycles where part load conditions prevail (about 6% on the NEDC cycle). Simulations for fuel 
consumption reduction are made with the simulation package Advance, developed by TNO Netherlands. 
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The proposed servo-electromechanical actuation system is currently in the realization phase. The slip 
control technique will be optimized, but it has already been applied and demonstrated in a passenger car.  
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Attachements 
 
This chapter gives recommendations which are not important enough to mention in the paper, but can be 
used for future work. Also an explanation of the next appendices is given.  

A Recommendations and Appendices 
 
The modeling of the CK2 CVT in Matlab (chapter 3) seems be done in a correct way. For all components 
of the CVT models of loss contributions are implemented, only for the torque converter a model is 
missing. When the model will be used for situations with an open torque converter, also a model of the 
torque converter should be implemented.  
 
In Advance the simulations can be made which can be compared to the measurements. The simulation in 
Advance runs at low speed when the wrong solver is chosen (chapter 9). It is therefore important to 
choose the correct solver (ode23tb(stiff/TR-BDF2)) and the correct initial step size and relative tolerance. 
Interesting is to find out if it is possible to use other solvers by adapting the model in the simulation.  
 
To be sure of the results simulated with Advance for the EMPAct system (chapter 8), the results should be 
compared to the measurements when the EMPAct system is operational on the test rig. 
 
The information given in Appendix B – Appendix G is included in this report to give some more details 
about subjects treated in the paper. In Appendix B a cross-section of the Jatco CK2 CVT is shown, while 
in Appendix C the torque loss definition is given which will also be used in Appendix D, the Matlab 
model.  This Matlab model is compared to simulations resulting from the simulation package Advance, 
which is described in Appendix E. In Appendix F the structural representation of the CK2 model is shown 
which is used in Advance.  Finally, in Appendix G the modeling of the EMPAct system is mentioned. 
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B Cross-section of the Jatco CK2 CVT 
 
Fig. B.1. shows the cross-section and important part names of the Jatco CK2 CVT, which is used in this 
research program. For a complete and detailed description of the CK2 and its components the reader is 
referred to [7]. 

 
Figure B.1: Cross-section of the Jatco CK2 
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