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Foreword—The purpose of this guideline is to provide a basic understanding of the design considerations that are
essential to the development of metal belt drive continuously variable transmissions. The specific focus of the
information presented is to provide recommended practices for the design of the variator section of the
transmission. Information is provided that enables engineers to understand the function and design methodology
of the major components within the variator system. The information presented was assembled from SAE
technical publications and papers and discussions with transmission and component manufacturers. The
information represents the current practices utilized in variator system design.
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1. Scope—The purpose of this guideline is to provide the essential design considerations for the metal “V” belt
variator used in continuously variable transmissions. Information from SAE papers, transmission
manufacturers, and component manufacturers is provided to aid engineers in understanding the function and
design methodology of the major components within the variator system. Recommended design practices are
given based on current practices.

2. References

2.1 Applicable Publications—The following publications form a part of this specification to the extent specified
herein. Unless otherwise indicated, the latest version of SAE Publications shall apply.

2.1.1 SAE PuBLIcATIONS—Available from SAE, 400 Commonwealth Drive, Warrendale, PA 15096-0001.

L. R. Oliver, K. G. Hornung, J. E. Swenson and H. N. Shapiro, “Design Equations for a Speed and Torque
Controlled Variable Ratio V-Belt Transmission,” SAE Paper 730003, 1973

C. Chan, T. Volz, D. Breitweiser, A. Frank, F. S. Jamzadeh and T. Omitsu, “System Design and Control
Considerations of Automotive Continuously Variable Transmissions,” SAE Paper 840048, 1984

Y. Sakai, “The ‘ECVT' Electro Continuously Variable Transmission,” SAE Paper 880481, 1988

W. Seidel, J. Petersmann, U. Hickmann and W. Mollers, “Adaptive Control System for Continuously
Variable Transmission (CVT),” SAE Paper 925062, 1992

K. Abo, M. Kobayashi and M. Kurosawa, “Development of a Metal Belt-Drive CVT Incorporating a Torque
Converter for Use with 2-liter Class Engines,” SAE Paper 980823, 1998

2.1.2 ASTM PuBLICATIONS—Available from ASTM, 100 Barr Harbor Drive, West Conshohocken, PA 19428-2959.

ASTM D 130—Test Method for Detection of Copper Corrosion from Petroleum Products by the Copper
Strip Tarnish Test

ASTM D 445—Test Method for Kinematic Viscosity of Transparent and Opaque Liquids (the Calculation of
Dynamic Viscosity)

ASTM D 665—Test Method for Rust-Preventing Characteristics of Inhibited Mineral Qil in the Presence of
Water

ASTM D 892—Test Method for Foaming Characteristics of Lubricating Oils

ASTM D 1748—Test Method for Rust Protection by Metal Preservatives in the Humidity Cabinet

ASTM D 2882—Test Method for Indicating the Wear Characteristics of Petroleum and Non-Petroleum
Hydraulic Fluids in a Constant Volume Vane Pump

ASTM D 2983—Test Method for Low-Tempertaure Viscosity of Automotive Fluid Lubricants measured by
Brookfield Viscometer

ASTM D 3233—Test Methods for Measurement of Extreme Pressure Properties of Fluid Lubricants (Falex
Pin and Vee Block Methods)

ASTM D 3945—Test Methods for Shear Stability of Polymer-Containing Fluids Using a Diesel Injector
Nozzle

ASTM D 4172—Test Method for Wear Preventive Characteristics of Lubricating Fluid (Four-Ball Method)

ASTM D 4683—Test Method forMeasuring Viscosity at High Shear rate and High Temperature by Tapered
Bearing Simulator

ASTM D 6082—Test Method for High Temperature Foaming Characteristics of Lubricating Qils

2.1.3 CEC PusLICATIONS—AVvailable from the Coordinating European Council, Madou Plaza - 25th Floor, Place
Madou 1, B-1030 Brussels, Belgium.

CEC L45-T-93
CEC L-48-A
CEC L-070-A85
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2.1.4 DIN PuBLICATION—AVvailable from Deutsches Institut Fur Normung E V, Burggratestr. 6, D-10787, Berlin,
Germany.

2.1.5 |SO PuBLIcATIONS—Available from ANSI, 11 West 42nd Street, New York, NY 10036-8002.

ISO 3104/ASTM D 445
ISO 2160/ASTM D 130

2.1.6 JASO PuBLICATION—Available from Society of Automotive Engineers of Japan, Inc., 10-2, Goban-cho,
Chiyoda-ku, Tokyo 102, Japan.

JASO M 347-95
2.1.7 JSAE PUBLICATIONsS—Available from JSAE 10-2, Goban-Cho, Chiyoda-Ku, Tokyo 102 Japan

M. Fuchino and K. Ohsono, “Development of Fully Electronic Control Metal Belt CVT,” JSAE
Paper 9636286, 1996

K. Sato, R. Sakakiyama and H. Nakamura, “Development of Electronically Controlled CVT System
Equipped with CVTip,” JSAE Paper 9636321, 1996

T. Ide, H. Uchiyama and R. Kataoka, “Experimental Investigation on Shift Speed Characteristics of a Metal
V-Belt CVT,” JSAE Paper 9636330, 1996

2.1.8 OTHER PUBLICATIONS

1. “Lubricant as a Construction Element in the VDT Push-belt CVT System,” R. Fewkes, J. Gunsing and
J.I. Sumiejski, SAE Fuels and Lubricants Meeting and Exposition, Philadelphia, PA October 18-21,
1993, SAE Paper 932848

2. “CVT Lubrication: The Effect of Lubricants on the Frictional Characteristics of the Belt - Pulley
Interface,” R.F. Watts and K.M. Richard, 1997 Tribology Colloquium, Technische Akademie Esslingen

3. “The Effect of Belt-Drive CVT Fluid on the Friction Coefficient Between Metal Components,” T.
Ishikawa et al., SAE Paper 972921

4. “A Comparison of Methods for Evaluating Automatic Transmission Fluid Effects on Friction Torque
Capacity - A Study by the International Lubricant Standardization and Approval Committee (ILSAC)
ATF Committee,” J. L. Linden et al.,, SAE International Fall Fuels and Lubricants Meeting and
Exposition, San Francisco CA, October 19-22, 1998, SAE Paper 982672

5. “Development of a Vehicle Test for Determining ATF Performance in an Electronically Controlled
Capacity Clutch,” C. Jones, J.L. Linden, SAE International Fall Fuels and Lubricants Meeting and
Exposition, San Francisco CA, October 19-22, 1998, SAE Paper 982667

6. SPEZIFIKATION - GETRIEBEOL FUR STFENLOSE PKW-AUTOMATGETREIE, Erstellt unter der

Mitarbeit der Firmen Audi AG, Volkswagen AG, AZF Friedrichshafen AG, Draft 2, January 1997

MERCON™ vV specfication

Chrysler MS-9602

Dexron ™ ||

0. “Determination of the Air Entrainment Characteristics of Automatic Transmission Fluids Using a

Dynamic Flow Apparatus,” P.J. Colby et al., SAE International Fall Fuels and Lubricants Meeting and
Exposition, San Francisco CA, OCTo 199-22, 1998, SAE Paper 982669

11. “Shear Stability of Automatic Transmission Fluids - Methods and Analysis. A Study by the
International Lubricants Standardization and Approval Committee (ILSAC) ATF Subcommittee, J.W.
Sprys et al., SAE International Fall Fuels and Lubricants Meeting and Exposition, San Francisco CA,
October 19-22, 1998, Paper 982673
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2.2 Related Publications

221 ASME PUsLIcaTION—Available from ASME, 22 Law Drive, Box 2900, Fairfield, NJ 07007-2900.
ASME 72-PTG-21, “Mechanics of the Flat Belt Drive,” T. C. Firbank, 1972

222 OTHER PUBLICATIONS

1. W. S. Worley, “Designing Adjustable-Speed V-Belt Drives for Farm Implements,” SAE Transactions
Vol. 63, pp 321-333, 1955

2. K. G. Hornung, “Factors Influencing the Fatigue Characteristics of Rubber-Textile Machine Elements,”
Dissertation for Doctor of Philosophy at Ohio State University, 1959

3. B. G. Gerbert, “Force and Slip Behaviour in V-Belt Drives,” Acta Polytechnica Scandinavica, Mech.
Eng. Series, No. 67, Helsinkia, 1972

4. T.C. Firbank, “Mechanics of the Flat Belt Drive,” ASME 72-PTG-21, 1972

5. D. L. Keller and R. E. Wilson, “Design and Development of a High Horsepower Torque Sensing
Variable Speed Drive,” SAE Paper 720709, 1972

6. B. G. Gerbert, “Adjustable Speed V-Belt Drives - Mechanical Properties and Design,” SAE Paper
740747, 1974

7. D. J. Brents, “Axial Force and Efficiency Tests of Fixed Center Variable Speed Belt Drive,” SAE Paper
810103, 1981

8. R. R. Radtke, L. E. Unnewehr and R. J. Freedman, “Optimization of a Continuously Variable
Transmission with Emission Constraints,” SAE Paper 810107, 1981

9. R. F. Stieg and W. S. Worley, “A Rubber Belt CVT for Front-Wheel-Drive Cars,” SAE Paper 820746,
1982

10. J. P. Dolan and W. S. Worley, “Closed-Form Approximations to the Solution of V-Belt Force and Slip
Equations,” ASME Transactions, Journal of Mechanisms, Transmission, and Automation in Design,
Vol 107, pp 292-300, June 1985

11. E. L. Kumm and T. C. Kraver, “Development of a Flat-Belt, Continuously-Variable Transmission,” SAE
Paper 850488, 1985

12. S. Abrate, “Rubber CVT Belts,” SAE Paper 850571, 1985

13. E. L. Kumm and T. C. Kraver, “Enhancement of the Flat-Belt, Continuously-Variable Transmission
Technology,” SAE Paper 861214, 1986

14. S. Avramidis, “A ‘State of the Art’ Chain Driven CVT Design,” SAE Paper 861354, 1986

15. E. Hendriks, Peter Heegde and T. van Prooijen, “Aspects of a Metal Pushing V-Belt for Automotive
CVT Application,” SAE Paper 881734, 1988

16. W. Kalkert and U. Eggert, “Field Experience and Further Developments of Control Systems for CVT's
in Passenger Cars,” SAE Paper 885061, 1988

17. O. Dittrich and H. Simon, “The Continuously Variable Chain Transmission in Motor-Cars,” SAE
Paper 885064, 1988

18. R. F. Reber, “Development of a New Drive Chain for Continuously Variable Transmissions,” SAE
Paper 891341, Proceedings of the Fifth International Pacific Conference on Automotive Engineering,
Beijing China, 1989

19. S. Hirano, A. L. Miller and K. F. Schneider, “SCVT - A State of the Art Electronically Controlled
Continuously Variable Transmission,” SAE Paper 910410, 1991

20. B. D. Choi and H. S. Kim, “Analysis of Belt Behavior for an Automotive V - Belt CVT,” SAE
Paper 912482, 1991

21. JSAE Automotive Engineers’ Handbook, Part 2 Design, pp 232-237, March 1991

22. T. Kusano, S. Amijima, T. Fujii, H. Matsuoka, M. Takahashi and T. Hosokawa, “Study on
Characteristic of Transmission for Block - Type CVT Belt,” 1991 JSAE Autumn Convention
Proceedings 912 Volume 3, JSAE Paper 912277, pp 3.161-3.163, 1991

23. T. Fujii, T. Kusano, M. Takahashi, and T. Kiji, “Study on Forces Transmitting Between Pulleys and
Blocks of a Block-Type CVT Belt,” SAE Paper 921746, 1992
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24. T. Fujii, T. Kurokawa and S. Kanehara, “A Study of a Metal Pushing V-Belt Type CVT - Part 1:
Relation Between Transmitted Torque and Pulley Thrust,” SAE Paper 930666, 1993

25. T. Fuijii, T. Kurokawa and S. Kanehara, “A Study of a Metal Pushing V-Belt Type CVT - Part 2:
Compression Force Between Metal Blocks and Ring Tension,” SAE Paper 930667, 1993

26. E. Hendriks, “Qualitative and Quantitative Influence of a Fully Electronically Controlled CVT on Fuel
Economy and Vehicle Performance,” SAE Paper 930668, 1993

27. D. H. Sung and H. S. Kim, “Shift Algorithm and Response Characteristics of CVT,” SAE Paper 933817,
1993

28. T. Murase, M. Takayama and K. Nonaka, “Development of The Dry Hybrid Belt,” JSAE Conference
Proceedings 1994-10, pp 225-228, 1994

29. S. H. Kim, K. W. Kim, H. S. Kim and T. Eun, “Fuzzy Control of Speed Ratio for Electro-Hydraulic Rig
Type CVT,” Korea Automobile Engineering Society Spring Conference 1993. Also SAE Paper
933818, 1993

30. S. Kanehara, T. Fujii and T. Kitagawa, “A Study of a Metal Pushing V-Belt Type CVT - Part 3: What
Forces Act on Metal Blocks?,” SAE Paper 940735, 1994

31. J. Luh, “Model of a Belt Drive CVT for the Power Train,” SAE Paper 947141, 1994

32. H. Asayama, J. Kawai, A. Tonohata and M. Adachi, “Mechanism of Metal Pushing Belt,” 1994 JSAE
Spring Convention Proceedings, JSAE Paper 9432804, 1994

33. T. Ide, A. Udagawa and R. Kataoka, “A Dynamic Response Analysis of a Vehicle Containing a Metal
V-Belt CVT,” JSAE Conference Proceedings 994 1994-10, pp 213-216, 1994

34. J. D. Micklem, D. K. Longmore and C. R. Burrows, “Belt Torque Loss in a Steel V-Belt Continuously
Variable Transmission,” Proceedings of Institution of Mechanical Engineers, Vol. 208, pp 91-97, 1994

35. J. D. Micklem, D. K. Longmore and C. R. Burrows, “Modelling of the Steel Pushing V-Belt Continuously
Variable Transmission,” Proceedings of Institution of Mechanical Engineers, Vol. 208, pp 13-27, 1994

36. P. Mott and B. Martin, “The Gemini Phased Chain System: A New Tool in Automotive Power
Transmission,” SAE Paper 950667, 1995

37. T. Kitagawa, T. Fujii and S. Kanehara, “A Study of a Metal Pushing V-Belt Type CVT (Part 4. Forces
Act on Metal Blocks when the Speed Ratio is Changing),” SAE Paper 950671, 1995

38. V. Adyanthaya, N. B. Joshi and A. D. Samant, “Optimization and Evaluation of a Belt Driven CVT for a
125 cc, 4 Stroke Scooter,” SAE Paper 951773, 1995

39. J. Junker, J. Petersmann, W. Seidel, and P. Lardy, “New Control and Shift Strategies as Dual
Functions for Continuously Variable Transmissions - CVTip,” SAE Paper 958487, 1995

40. T. Tsuji and M. Takeoka, “Study of Fuel Consumption Improvement of the Dry Hybrid Belt CVT,” JSAE
Conference Proceeding 954 1995-9, pp 61-64, 1995

41. Y. Fushimi, T. Fujii and S. Kanehara, “A Numerical Approach to Analyze the Power Transmitting
Mechanisms of a Metal Pushing V-Belt Type CVT,” SAE Paper 960720, 1996

42. G. Gerbert, “Skew V-Belt Pulleys,” JSAE Paper 9636259, 1996

43. F. Sorge, “Influence of Pulley Bending on Metal V-Belt Mechanics,” JSAE Paper 9636268, 1996

44. K. Funatsu, H. Koyama and T. Aoki, “Electronic Control System of Honda for CVT,” JSAE
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3. Definitions—The Nomenclature in parentheses and italics is the Alternate Nomenclature.

3.1 Variator Belt—A flexible, endless member that transmits torque between two shafts through frictional contact
with conical sheaves.

3.2 Variator Ratio (CVT Ratio, Sheave Ratio, Pulley Ratio, Belt Ratio)—Speed Ratio: primary sheave speed/
secondary sheave speed

3.3 Variator Ratio Range (Overall Ratio, Ratio Coverage)—Underdrive ratio/overdrive ratio

3.4 Underdrive Ratio (Low Ratio)—Highest (numerical) variator ratio. Typically equivalent to low (first) gear in an
AT or M/T

3.6 Overdrive Ratio (High Ratio)—lLowest (numerical) variator ratio. Typically equivalent to the highest gear in
an A/T or M/T

3.6 Primary Sheave (Pulley) Set (Input Sheave/Shaft, Pulley, Sheave Sef)—Sheave set that is coupled to the
engine and represents the input to the CVT variator unit. (May have gearing between engine and primary
sheave.)

3.7 Secondary Sheave (Pulley) Set (Output Sheave/Shaft Pulley, Sheave Set)—Sheave set that is coupled to
the wheels and represents the output of the CVT variator unit. (Typically has gearing between the secondary
sheave and the wheels.)

3.8 Variator Belt Width (Nominal)—The width of the belt at an effective pitch line. Belt width and length combine
to define the operating geometry.

3.9 Belt Length—The length of the belt at the effective pitch line. Belt width and length combine to define the
operating geometry.

3.10 Wrap Angle—The angle on the sheave through which the belt contacts the sheaves. Can be divided into
active and inactive angles.

3.11 Active Wrap Angle (Arc)—That portion of the wrap angle where the belt tension is increasing (or decreasing).

3.12 Passive Wrap Angle (Arc) (Inactive Wrap Angle)—That portion of the wrap angle where the belt tension is
constant.

3.13 Shaft Diameter—The diameter of the primary or secondary shafts underneath the belt.
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3.14 Fixed Sheave (Fixed Shaft)—The sheave component that is rigidly attached to a shaft. Typically the fixed
sheave is an integral part of a shaft.

3.15 Moveable Sheave (Variable Sheave)—The sheave component that moves axially relative to the fixed sheave
to change belt ratio.

3.16 Center Distance—The distance between the centers of the primary and secondary shafts.

3.17 Sheave Alighment—The relative axial position of the primary fixed sheave to the secondary fixed sheave.

3.18 Sheave Offset (Gage Width)—The dimension in the axial direction between the primary and secondary fixed
sheaves at a predetermined reference diameter. For example, sheave offset may be 24.6 mm at a reference

diameter of 100 mm dia.

3.19 Sheave Angle—The angle of the sheave surface relative to the operating plane of the belt. Typically
11 degrees.

3.20 Pitch Diameter—The effective diameter at which the torque is transmitted. Also equal to the diameter at
which the sheave opening is equal to the nominal belt width.

3.21 Pitch Distance—The tangential distance between belt segments that contact the sheaves.

3.22 Variator Input Torque—Input torque to the primary sheave set.

3.23 Top Speed Ratio—The variator ratio at the conditions that define maximum vehicle speed.

3.24 Coefficient of Friction (Traction)—The effective coefficient of friction between the belt and sheaves.

3.25 Balance Dam—A feature that can be used in combination with a piston or cylinder to reduce the centrifugal
force component.

3.26 Stops Internal/External—The feature in the sheave design that controls axial position of the moveable
sheave at the extremes of travel.

3.27 Sheave Stroke—The axial travel of the moveable sheave to allow the variator to cover the overall ratio range.
3.28 Clamping Force—The axial force exerted on the belt by the sheave.
3.29 Clamping Force Ratio—The ratio of the primary sheave axial force to the secondary sheave axial force.

3.30 C.V.U. (Variator)—The Continuously Variable Unit: The combination of the primary sheave set, secondary
sheave set, and belt.

4. Application Considerations—The first automotive application of continuously variable transmission (CVT)
technology occurred in one of the original gasoline powered cars developed in 1886. This application
employed a rubber V-belt as part of the variator system. From this initial installation, continuously variable
technology has evolved over the decades as major automobile and component manufacturers continue to
pursue variable ratio as an alternative to step ratio design transmissions. The metal belt is now used to
increase the torque carrying capability of CVT belt drives. Advances in electronic controls have overcome
many of the design issues and have significantly improved the driveability and efficiency of CVT applications.
The focus on CVT technology has been intensified as a result of more pressure on the automobile industry to
reduce exhaust emissions and improve fuel economy. This section will discuss the application considerations
for automotive metal belt CVT applications.
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4.1 Vehicle Requirements—There are several factors that must be considered in selecting a transmission
configuration for a particular vehicle design. The most significant vehicle characteristics are determined by the
particular market segment that the vehicle is intended to serve. Powertrain requirements are then established
for the market segment that can further be reduced to engine - transmission configurations. Factors
considered in powertrain selection include vehicle acceleration, economy of operation, driveability, emissions,
noise (NVH), weight, packaging, and cost targets.

The previous considerations apply to any configuration of automotive application. However, each market
segment and vehicle type will have relatively well defined operating characteristics that will establish the
powertrain configuration. Market segment and demographics also establish transmission selection. A typical
European economy automobile will be equipped with a manual transmission, whereas, the same vehicle class
in the United States will be equipped with an automatic transmission.

New transmission designs must incorporate wider overall ratio range to provide good vehicle throttle response
while lowering engine speeds during steady-state driving conditions for improved fuel economy and lower
emissions. CVTs offer a wide overall ratio range without the concerns of shift quality and shift busyness.

4.2 Engine Characteristics—Engine developments of the past decade have focused on lowering engine speeds
to reduce emissions. Output torque operating ranges and fuel efficiency islands have also been shifted to
lower engine speeds. The overall effect of engine developments has reduced engine operating range in order
to achieve fuel efficiency and lower emissions. Transmission design must focus on maintaining engine
operation within the effective power band and fuel efficiency islands in order to provide optimum overall vehicle
operation.

4.3 Transmission Requirements—As discussed previously, the transmission must provide the optimum
performance in both steady-state and non-steady-state vehicle operations. The major areas for design
consideration are power flow, ratio range, packaging, cost, duty cycle, durability, and manufacturing. During
steady-state conditions such as interstate highway operation, the transmission must provide high efficiency.
The efficiency of the metal belt CVT transmission is typically lower than that of stepped gear transmissions.
The lower transmission efficiency is overcome by the CVT, by allowing the overall powertrain to be controlled
closer to the optimum conditions resulting in an overall increase in powertrain efficiency. The powertrain
efficiency is also improved by the ability to achieve an earlier coupling of the starting device in the CVT design,
which improves powertrain efficiency. Non-steady-state operation, such as accelerating from rest, passing,
deceleration, throttle response, and shift quality are the most difficult considerations of transmission design
because the requirements need to be evaluated over a wide range of operating conditions.

431 PoweR FLow—The power flow requirements for a CVT depend on many different considerations. The
choice of starting device is one of the primary considerations in establishing CVT design. The types of
starting devices for current production CVT include torque converters, input starting clutches, or output
starting clutches. The torque converter will provide torque multiplication from the engine to the transmission
during vehicle launch conditions. Torque multiplication must be included in the design of the rest of the
transmission. The design of the power flow is often influenced by the transmission packaging space or cost
targets for the vehicle application. Typical CVT transmission cross sections are shown in Appendix A.

With an input starting device, such as a torque converter or input starting clutch, the location of the starting
device is usually between the engine and the CVT sheave set. When in gear, the CVT pulleys are at zero
speed when the wheels are at rest. During this vehicle condition, changing the ratio of the sheave set is very
difficult.

When an output starting clutch design is used, the sheave set is located between the engine and the starting
clutch. The output side of the start clutch is coupled to the output end of the transmission. When the vehicle
is at rest, the starting clutch de-couples the sheaves from the wheels and allows the sheaves to rotate with
the engine. This condition allows ratio change with the sheave set when the output of the transmission is at
zero speed.
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Another consideration in the power flow is the location of the range clutches for forward and reverse. With
the start clutch between the engine and the sheave set, the pulleys are de-coupled from the engine in a
neutral state. This is an advantage for shifting into gear because the inertia of the sheaves does not need to
be a design consideration when the vehicle is at rest. The disadvantage of this configuration becomes
apparent during a vehicle panic stop when the wheels stop suddenly. During this event, the sheaves would
also stop if another clutch is not placed between the wheels and the sheave set to provide ratio change
opportunity. The range clutches could also be located on the output side of the sheaves between the output
sheave and the transmission output. In this configuration, the sheaves are typically coupled directly to the
transmission input, allowing the sheaves to rotate when the vehicle is at rest. When shifting into gear, the
inertia of the sheave set needs to be a design consideration.

4.3.2 RATIO RANGE—As with any transmission, the selection of ratios is a critical area of the transmission design.
With the continuously variable transmission design, ratio selection is slightly different than a step ratio
transmission. Because of the availability of all ratios between the maximum underdrive and overdrive ratios,
these two conditions are the key points for ratio selection. These points can be plotted as a function of
vehicle speed and primary sheave on a graph commonly referred to as a variogram (Figure 1). The
underdrive ratio needs to be established to provide the desired launch performance of the vehicle in
combination with the starting device that was selected. The overdrive ratio should be selected to provide the
ideal or most effective engine speeds to provide optimum fuel economy. The ratio spread between the
underdrive and overdrive ratios is referred to as the ratio range. The typical ratio range for a CVT is between
5 to 6 compared to 3.8 to 4.3 for a four-speed step transmission. Depending on the vehicle application,
typically, the CVT will have better performance and fuel economy than a step transmission. The
transmission design considerations for ratio selection will be discussed in a later section.

Example Variogram: Vmax=210kph Rc=5.44; V1000 OD=55.0 kph; V1000 LOW=10.1 kph;
iOD=0.450; iTOP=0.550; iLOW=2.450
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FIGURE 1—VARIOGRAM
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4.3.3 PACKAGING—The packaging requirements of the vehicle need to be considered when evaluating
transmission requirements. The packaging environment may influence the power flow, the choice of starting
device, the ratio range and several of the other transmission requirements. The packaging environment
required for the sheaves is a unique requirement for CVTs. By the nature of the design, the sheave set
requires two axes for the variator. For this reason, the belt drive CVT design is inherently more suited for
multi-axis transmission designs, such as front wheel drive, than a single axis design like many rear wheel
drive transmissions.

4.3.4 Duty CYCLE/DURABILITY—The duty cycle and durability requirements of a CVT are comparable to those of a
stepped gear transmission. These requirements may vary by application and region. There are some
operating characteristics of the CVT which differ from stepped gear transmissions. Due to the fact that this
CVT is a metal-to-metal friction drive device, the belt and sheaves will not tolerate slip at any time. The
control system must be robust to provide adequate clamping of the belt under all conditions.

4.3.5 CompoNENTS—While many components of the CVT are similar to those in stepped gear transmissions, there
are some unique characteristics of the CVT that should be considered. The CVT has fewer parts than a
stepped gear automatic transmission, but the unique CVT components, such as the sheaves, require high
precision. The pump in the CVT also has a different duty cycle than that of a stepped gear transmission in
that the pressure requirements are generally higher and the flow demand for moving the sheaves is an
additional consideration.

5. Belt Design—This section will describe the construction and operation of metal push belts (compression type)
and metal chain belts (tension type). There have been several papers published relating to the operation of
the CVT belt which are listed in the reference section.

5.1 Compression Type Belts

5.1.1 CONSTRUCTION—The metal belt consists of two sets of metal bands and a number of wedge-shaped steel
blocks (elements). The compression type belt is designated as a push belt since the compressed blocks act
as a solid column to transfer torque from one sheave to the other. The thin steel bands form the main
structure of the belt. The bands are fitted closely together to form a nested set with no play. There are two
sets of bands, one on each side of the belt assembly. Each band is approximately 0.2 mm thick, and a band
set typically consists of 9 or 12 bands (Figure 2).

FIGURE 2—COMPRESSION BELT CONSTRUCTION (VAN DOORNE TYPE)

These band sets give the push belt assembly high tensile strength with a maximum of flexibility. A special
profile on the inner side of each band optimizes the lubrication area and minimizes the friction losses
between the sliding bands. This design, combined with the material selection used, results in a compact
system with a high power density and fatigue strength.
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Typical block thickness varies from 1.5 mm for the 24 mm wide belts, to 1.8 mm for the 30 mm wide belts
(Figure 3). The blocks have a wedge shape, and the sides of the block that contact the sheaves are profiled.
The power transfer occurs over the full height of the profiled side. The 30 mm blocks have a larger contact
area than the 24 mm blocks in order to decrease the contact pressure experienced at the higher torque

loading.

24 mm belt

s o l T

Il

29.6 mm

FIGURE 3—BELT ELEMENT DETAIL (VAN DOORNE)

The steel blocks are clamped axially between the sheave halves. The blocks have tendency to move
outward, along the radius of the sheave, due to their wedge shape (Figure 4). The outward movement of the
blocks is countered by the bands, thereby placing the bands in tension and holding the blocks in the V of the
sheave. This balance between the radial forces between the blocks on the bands and the tensile forces in
the bands, is the basis for establishing a frictional force between the blocks and pulleys. This friction force
and the accompanying contact area are what allow torque transfer to occur within the sheave/push belt

assembly.

FIGURE 4—BELT OPERATION
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The Van Doorne belt has been designed to ensure that the tensile force in the band assemblies is higher
than the “push” force between the blocks. This allows the bands to push the blocks down into the sheaves,
enabling them to transmit torque, and at the same time prevents the stacked column of blocks from buckling
and pushing out of the sheave sets (Figure 5). The Van Doorne design defines the push force transmission
axis (belt pitch line) at the height of the rocking edge of the block. The rocking edge is located approximately
1 mm below the block saddles (the crowned portion of the blocks where the innermost band contacts the
block over almost the full width of the band). This dimension is used to determine the geometrical running
radius on both the primary and secondary pulley, and ultimately the overall ratio.

Ftension Fpush Fpush Ftension

FIGURE 5—BELT FORCE DIAGRAM

The bands and the rocking edge of the blocks travel along different radii through the sheave sets. This
causes a relative motion between the bands and the blocks when the belt is not in 1:1 ratio (Medium ratio).
This relative motion increases towards the extreme ratio settings. Because of this, the push belt typically
shows it’s highest efficiency in Medium ratio.

5.1.2 BELT LENGTH AND PITCH LINE DEFINITION—The length of the Van Doorne push belt varies for each specific
transmission layout. Unlike chains, the length of the van Doorne push belt can vary non-incremental, since
this beltlength is dependent on the diameter of the band sets, not on the thickness of the blocks. Once the
diameter of the bands has been determined, a quantity of blocks with slightly different thickness is selected
to “fill” the belt.

The official product code (<block type/width>/<number of bands in each set of bands>/<thickness of blocks>/
<diameter of the innermost ring>: for example 24/9/1.5/208.8) calls out the diameter of the innermost band,
not the diameter of the belt itself. However, using the definition of the belt pitch line (the pitch line radius or
rocking edge position is the radius of innermost band minus 1 mm), the total length of the belt can be
calculated from this belt code.

5.1.3 BELT CAPACITY—The maximum torque capacity of the belt is primarily determined by the stress levels in the
bands. These stresses are a combination of the tensile stresses (due to the axial clamping forces from the
sheaves and centrifugal forces generated by the blocks), and bending stresses (due to bending of the band
sets that occurs in extreme ratio settings at small wrap angles) experienced by the belt at different ratio and
load settings.

A variety of belt sizes, varying in width and number bands within the band sets is available for various

applications. Typically, the wider the belt, and the more bands in each set, the higher the belt capacity
(Figure 6).
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