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ABSTRACT

A new inner spherical continuously variable transmission
(ISCVT) is introduced. The inner races of driving and
driven spherical rotors are contacted with the outer
surfaces of the associated counter spherical rotors
respectively and two pressure devices(PD) of screw ball
type generating the contact normal forces proportional to
the transmitted torques are considered. A ratio changer
assembly (RCA) using a cam mechanism also is
developed and installed in the core region of the unit. To
check out the practicability on the automobile usage, an
automobile having a rated values of 110kw/6000rpm with
0.09 0.37 overall speed ratio (OSR) is conceptually
designed by using the direct search method on the
selected design variables optimizing the overall power
efficiency and satisfying the design constraints on the
limits of the overall diameter, the contact stresses, the
fatigue life time based on the Lundberg-Palmgren theory.
On the conceptually designed car, several transmission
performances are simulated and discussed. Many fruitful
features on the proposed model are shown by the
simulations and the comparison with the typical toroidal
CVT (TCVT).

INTRODUCTION

To improve the power density, as one of the main issues
on the CVT, the recent trends of the researches and
developments may be mainly concentrated to the material
engineering and tribology engineering to improve the
system quality of the a few CVTs having the push-belt and
toroidal types. In other hand, the paradigm shifting by
some new mechanism layouts have been continuously
tried in conceptual design stage. But it seams that there
has not been any successive results for the automobile
usage. The push belt CVT has a short coverage of OSR
causing that two modes in the speed ranges to be
inevitable and is suffered with some serious noise
problems due to the slippage between the pulley and the
steel belt. However TCVT can extend the coverage of

OSR a little more than one of the push belt and increase
the power efficiency by reducing the spin loss. But it also
seams that this model is difficult to remarkably improve the
torque capacity due to the high contact stresses.
Therefore most of researches and developments have
been concentrated to the improvements of material
durability and the tribological properties of the transmission
fluids.

Some smart mechanism layout may have lower contact
stress, smaller spin loss, higher power efficiency, and
larger torque capacity than ones of any models developed
until now. According to the Hertz theory, the concave-
convex contact mechanism leads to reduce the stresses
and consequently increase the torque capacity. But since
the contact area is large, the spin loss is generally
increased. Therefore to develop an excellent mechanism
improving the torque capacity and the mechanical
reliability, some concave-convex mechanisms minimizing
the spin loss would be developed. A CVT including a pair
of the inner spherical rotor and the outer spherical rotor
making it possible is introduced. This new CVT has three
parts, that is, two pairs of the spherical traction drivers, two
pressure devices, and a ratio changer assembly. An inner
spherical driving rotor is paired with an outer spherical
counter rotor and an inner spherical driven rotor also is
paired with the other outer spherical counter rotor. Two
counter rotors are connected rigidly with a shaft as a body
and supported by the bearings and a bearing housing.
The bearing housing of ring type is pivoted to frame
extended from the case. By rotating the bearing housing
and consequently changing the direction of the axis of the
counter rotor assembly (CRA), the output speed is varied
continuously. This CRA is operated by a cam driver made
with the grooved cam and a guider attached on the
bearing housing of the CRA. The pressure device
generating the normal forces proportional to the shaft
torques is also made by a ball screw type.

An automobile having 110 kW/5000rpm and 0.06 0.18
OSR is conceptually designed by the direct search method



for minimizing the overall power efficiency and
simultaneously satisfying with the design constraints which
includes the limit of the overall diameter of the CVT unit,
the contact stresses, and the fatigue life time based on the
Lundberg-Palmgren method. The design variables include
the speed ratio of the gear reducer, the radius of the
sphere of driving rotor, the height of the pivot of the
bearing housing, the proportional constant on the thrust
force vesus the shaft torque generating in the PD and on
the others of the design variables, the symmetry principle
is applied. On the conceptually designed model,
transmission performances are simulated and compared
with the ones on the TCVT with the same design
specifications and same overall diameter. The power
density and the torque capacity are examined to be
excellent.

MECHANISM LAYOUT AND EFFICIENCY

The inner spherical continuously variable transmission
(ISCVT) consists of two pairs of the inner spherical rotors
and the outer spherical counter rotor, two PDs and a RCA
installed in the core part and the driving and driven shafts
are coaxial, as shown in Figure 1. The dimension and
geometry of the ISCVT are defined by the following design
parameters: The radii of the spheres of driving, driven and
counter rotors are r,, r,,r, respectively. The heights from

the contact points to the rotating axes of the four rotors are
h. h,, hy, h, respectively. The tilting angle of the CRA is
f. The angles between center line and contact normals
are ¢ , g, respectively. And the direction vectors of
rotating axes of the driving, driven, and counter rotors are
MNos Mo, Ny respectively.
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Figure. 1. Schematic diagram of ISCVT

The power is generated from the engine or motor and
transmitted to the CVT. There is a front PD between the
engine shaft and the driving rotor generating the thrust
force proportional to the driving torque as shown in Figure
1. Similarly there is a rear PD installed between the driven
rotor and the input shaft of the gear reducer as the same
role with the front one. The PDs are made with ball screw
mechanisms. The relationship between the shaft torque
and the normal contact force N, can be derived, shown in

Figure 2, as follows;

Figure. 2. The pressure device in driving rotor

The thrust force F,, is generated by inclined guide. Since
the tangential force F, is related with the input torque T,
and also related to F,, with the inclined angle / ,

Fon _  T/n
tan/ cap,

N, = 1)

B cosg,
can be derived.

The engine power is transmitted from the driving rotor into
the frontal counter rotor. The driving rotor rotates the CRA
under the very small creep and spin in the contact area.
The energy loss depends on the size and shape of the
contact area, the magnitudes of the sliding velocity and the
angular spin velocity, the surface conditions and the
properties of the transmission fluid. The angular velocity
of the counter rotor w, should be obtained from the torque

equilibrium equation of the driving rotor element in the
axial direction. The Figure 3 shows that the friction factor
n of the typical transmission fluid (SANTOTRACK-50) is a

function of the creep rate ¢, and the normal pressure p,

thatis, 7= p,G ).
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Figure 3. The characteristic curve of the transmission fluid,
SANTOTRACK-50

Assuming that the direction of the shear stress ¢, at the

infinitesimal area shown in Figure 4(b) coincides with the
direction of the sliding velocity Vyq between two bodies, all

the defined physical parameters become the functions of



only N, and consequently we have a nonlinear algebraic

equation (2) induced from the torque equilibrium equation
as a function of w;, .

T.- nox ,(OGR+RQ "7,dA=0 )

(a) Driving rotor (b) Contact area

Figure 4. Free body diagram of driving rotor

This is the torque equilibrium equation on the driving rotor
derived from the free body diagram shown in Figure 4(a)
where T, is input torque, A is contact area between
driving rotor and traction ball, O,R is the direction vector
from the center of the sphere to the center of the contact
area and prq is the direction vector from the center of the
contact area to the infinitesimal area. And the shear
stress ¢, is defined as

t, =mp s ®)

sd

The power passing through the frontal traction driver is
also transmitted from the rear counter rotor to the driven
rotor shown in Figure 2. Similarly the energy loss is
happened in the contact region A, shown in Figure 5. The
angular velocity of the driven rotor also can be obtained by
solving the torque equilibrium equation on the counter
rotor assembly.

(a) Driven rotor (b) Contact area

Figure 5. Free body diagram of driven rotor

Finally the output torque T, can be calculated from the
torque equilibrium equation expressed as

T;- r120><A2(02P2+P2Q2)'l‘2dA:O (4)

where ¢, is the shear stress acting on the infinitesimal

region in the contact area of the rear traction drive.
Therefore the overall power efficiency of ISCVT is defined
as follows.
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(5)

To increase the torque capacity and eliminate the bearing
loads on the main shafts, the four CRAs fixed by the frame
are installed as shown in Figure 6

Figure 6. Assembly of ISCVT (Neutral position)

KINEMATIC ANALYSIS

Each CRA is supported by the bearing and bearing
housing which is pivoted in the frame extended from the
case. The attitude of the bearing housing of the CRA is
varied by the RCA installed at the core part on the main
axis. The locations of the contact areas are not removed
and stationary since the centers of the inner and outer
spherical rotors are on the line of the contact. It is because
the heights at the rotating axis of contact areas are not
changed. Since the shape of the contact area is perfectly
circular, the spin loss is reduced. The bearing housing of
the CRA moves through the helical groove shown in
Figure 7. Thus the heights from the contact points to the
rotating axes of the CRA, h, and h, are continuously

changed respectively. And the OSR defined as

_hh 6
r h (6)

is also changed numerically as a function of the tilting
angle 7
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Figure 7. Ratio changer operation

The total work required in moving the CRA from the lowest
position to the highest position can be calculated from the
equation (7), shown in Figure 8.
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Figure 8. The principle of speed change.
\Nrc = %ax( N1+ N2) ;( fmax' f mir‘) (7)

where N,, N, are contact load at the driving rotor and
traction ball, m,,, is the maximum and minimum static
traction coefficients. f.. , fm, are the maximum and
minimum tilting angles of the traction ball respectively.

min

CONCEPTUAL DESIGN AND PERFORMANCE
ANALYSIS

To show some practicability for automobile usage, a
2000 cc automobile is considered as a conceptual design
target. The design specification is listed in the Table 1. .
The design specifications are listed in Table 1.

Table 1. The design specifications

Max. power 110kW / 6,000 RPM

Max. torque 194N-m / 4,500RPM

Overall speed ratio 0.09~0.37

The design variables are selected to be the speed ratio of
the gear reducer, the radii of the driving, driven, and
counter spherical rotors, the height of the pivot of the
bearing housing, the inclined angles and the preloading
thrust forces of the front and rear PDs.

To obtain the design variables maximizing the average
power efficiency at the rated power and the input speed

and satisfying with the design constraints ( the limits of the
overall diameters of the CVT, the maximum shear stress,
and the fatigue life time ), the direct search method with
the lower and upper bounds of the design variables listed
in Table 2 is carried out.

Table 2. The lower and upper bounds of the design
variables

Driving / driven rotor diameter range 100 ~ 200 mm
Radius of traction ball range 10~50 mm
height of traction ball povit range 50 ~ 100 mm
Preloading thrust forces range 0.1 ~500 N
Cam lead angle range 0.1~50

The optimally designed variables and the associated
transmission performances at the rated input power and
the input speed are listed in Table 3.

]

Table 3. The optimal design variables and the associated
transmission performances

Optimal design variables

Radius of driving / driven rotor 125 mm
Radius of traction ball 43.3 mm
Height of traction ball pivot 52 mm
Cam lead angle 36°
Preloading thrust force 220N
Transmission performance s
Transmission efficiency 93 %
Ratio changer work 263 joul
Life time 10,800 hour
Maximum shear stress 552 Mpa
Gradeability 20°

Based on the fundamental dimension listed in Table 3, a
detail design is carried out by using CAD software. The
result assembly is shown in Figure 9.



Figure 9. The 3D solid model of the designed ISCVT

The overall size of the design ISCVT is estimated as the
220 mm diameter and 150 mm width shown in Figure
10(a). Defined to be the maximum power vesus the
volume of overall size, the power density of the designed
automobile of which performances are average efficiency
93%, the minimum fatigue life time 80,300hour, and the
maximum contact shear stress 600MPa is estimated as to
be 9.3kwW/

(a) ISCVT (b) TCVT
Figure 10. The overall size of the designed ISCVT
compared with designed TCVT with the same conditions.

To examine whether some weak components among the
machine elements are or not, the stress analysis using a
FEM software is carried out. The figure 11 and 12 shows
the stress contours on the driving and the front counter
rotors and the frame and the bearing housing at the
maximum torque condition at 4500 RPM. The maximum
effective stresses at the region except the contact areas

are less than the 550MPa in the pin of the bearing housing.

Therefore there are no weak regions with the stress
concentration. The details are listed in Table 4 and 5,
showing to be enough to use a normal carbon steel like
SCM440 (AISI4140) with the yield strength of 1,650 MPa.

Figure 11. The stress contours of the driving rotor and the
front counter rotor

Figure 12. The tress contours of frame pivoting the bearing
housing and the bearing housing

Table 4. The details on the driving rotor and the front
counter rotor

Driving rotor Traction ball

Node / element 4,104 /12,005 4,179/ 20,097

Element type Tetrahedral

Material property E=200 x 10° Pa, /7=0.3

Max disp. 0.1mm 0.02mm

Max sterss 141MPa 339MPa

Table 5. The details on frame pivoting the bearing housing a

the bearing housing

Traction ball zig Traction ball housing

Node / element 4,104 /12,005 1,198/ 3,329

Element type Tetrahedral

Material property E=200 x10° Pa, /7=0.3

Max disp. 0.02 mm 0.18 mm

Max stress 200 MPa 559 MPa




The power efficiency averaged through the OSR is
simulated according to the range of the input speed
0~8,000 RPM and input torque 0~250 Nm. It is the typical
driving condition in the commercial automobile. The Figure
13 shows that the efficiencies over the 90 % are widely
distributed in the most of the driving region. This result is
thought to be due to the unchanged contact points during
the change of OSR, the small spin loss by the circular
contact area, and the usage of the PDs proportional to the
shaft torques.
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Figure 13. The average power efficiency

That the variations of the efficiency according to the OSR
are very small as shown in Figure 14. It shows that this
ISCVT has an enough room to extend the range of the

OSR.

Figure 14. The efficiency vesus the OSR and input torque
at the input speed 4,500 rpm.

The Figures 15 and 16 are shown the maximum contact
shear stress acting on the front and rear contact areas in
at the rated speed. In the driving rotor there are rare
variation through the OSR and the stresses have the
values within 510~555 MPa. In the driven rotor there are
some variation through the OSR and the stresses have the
values within 510~630 MPa at the maximum torque 193
Nm. Therefore a typical carbon steel like SCM440
(AIS14140) is also suitable as the material of the traction
rotor with the 2.0 safety factor.

Figure 15. The maximum contact shear stresses in the
driving rotor.

Figure 16. The maximum contact shear stresses in the
driven rotor.

The fatigue life cycle of the contact areas shown in Figure
17 are calculated with the equation suggested by the
Lundberg-Palmgren under the maximum torque condition
at the rated speed. The fatigue life time obatined to be
80,300 hour, in other words, 5 years at the worst condition.
The ISCVT is expected to have very good durability.

Figure 17. Driving rotor life time.

The required work to operate the ratio changer over the
full speed range is shown in Figure 18. The maximum
work is 280 joul. On this quantity, a 300 watt stepping
motor is thought to be enough in operating the RCA..



Figure 18. Ratio changer work

To roughly analyze the gradability of the ISCVT, the
equation (8) is used. The gradability is represented by the
maximum inclined angle. It is calculated at the data of the
gross vehicle weight 1660 kg and the maximum torque

condition placing at the Ilowest speed mode.
. F I aiCoedV?
qzsm-l thrust _ _ air ~area (8)
2Wg

where g is inclined angle, F,,

is thrust force by rear
wheel, W is gross vehicle weight, C

ire 1S tire resistant
coefficient, r, is air density, C,., is projection area of

automobile, V is vehicle speed. The Figure 19 shows that

ISCVT is able to ascend over 20°at the maximum to rque
condition.

Figure 19. The maximum inclined angles at the lowest
speed mode.

By simply downsizing and upsizing the dimensions of the
components of the designed ISCVT, we can simulate the
average efficiency, the maximum contact shear stresses,
and the fatigue life times. Figures 20,21,22 show the
variations of the performances according to the input
power and the overall diameters. The commercial
automobiles are classified as three groups, that is, the
small size vehicle, middle size vehicle and large size
vehicle based on the input power and the overall diameter.
The groups are marked in the Figures. They show that the
proposed ISCVT is enough possible for the large size
vehicle usage as well as the small size one.

Figure 20. High capacity simulation result (efficiency)

Figure 21. High capacity simulation result (maximum shear
stress)

Figure 22. High capacity simulation result (life time)

COMPARISON OF THE TRANSMISSION
PERFORMANCES WITH THE TCVT

To show the superiority of the proposed CVT model, the
toroidal model which has simmilar size with the designed
ISCVT shown in Figure 10(b) is considered. It has three
traction balls relaying the motion between the driving and
driven rotors. Applying the design specification in Table 1
to the toroidal model, the overall diameter and width are
conceptually designed to be 160 mm and 240 mm
respectively. The transmission performances are also
simulated with respect to the input torque 0.0~250 Nm.



The comparisons on the both model between the TCVT
and ISCVT are shown in Figure 23~25. In the Figure 23,
the average efficiency through the overall speed ratio of
the power efficiencies are obtained to be 90~95 %. There
is no remarkable difference between the ISCVT and the
TCVT.

Figure 23. The average efficiencies on the ISCVT and the
TCVT

But the maximum contact shear stresses have large
differences between them. The stresses in the ISCVT are
nearly halves of the ones in the TCVT in the Figure 24.

Figure 24. . The maximum contact shear stresses on the
ISCVT and the TCVT

Figure 25 shows that the difference the fatigue life times
between them is very large. Under the loading condition of
the input torque 100 Nm, the ISCVT life time is appeared
to be about twice longer than one of the TCVT.

Figure 25. . The minimum fatigue life times on the ISCVT
and the TCVT

The summarized performances between them are listed in
the Table 5.

Table 5. The summery of the performances between the
ISCVT and the TCVT

TCVT ISCVT

Maximum Power 110kW / 6000 RPM 110kW / 6000 RPM

Efficiency 90 % 93.4 %
Max. shear stress 920 MPa 545 Mpa
Life time 7,950 hr 80,300 hr
Weight 15.7 kg 8.2 kg
Ratio chanve work 571 joul 246 joul
Power density 8.27 kw/ 9.30 kw/

5. CONCLUSION

Through the numerical investigations on the
transmission performances, we summarize that the
proposed ISCVT is very good in the package ability and
consequently has very high power density. At the most of
the region of the driving mode, the efficiency is over 90%.
It is also slightly changed through the OSR leads to
expend the coverage of it Besides, the simple
mechanism of the PDs and the small work done in moving
the CRA are also good points in the development. And the
ISCVT is shown to be applicable for all kinds of vehicle.
According to the simple comparison with the TCVT, the
ISCVT is more excellent than the TCVT.
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