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Abstract

A virtual prototyping model for dynamical characteristic curves based on contact force was established, through the joint modelling
(geometric modelling and constraint modelling) of planetary bevel gear CVT system in UG and ADAMS. The virtual prototyping
experimental data proved that the system has the feasibility of over-zero variable speed. It is also verified that the model has advantage
on continuously variable speed range, compared with planetary cone ring continuously variable transmission system. The main effect
factors of the continuously variable speed performance and output torque are obtained. This model could be used to further study on

such issues.
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1 Introduction

Planetary-type continuously variable transmission device
with the central roller in planetary motion transmits
driving force through the traction force (friction) resulting
from rolling. It realizes the transmission by altering either
the working radius of sun wheel or planet wheel, which
features the advantages in wide range of transmission and
good output performance [1]. Nonetheless, some defects
are also found like low transmission efficiency and friction
loss because the driving force transmission is achieved
through the friction force based upon rolling mechanism.
Therefore it is of great practical significance and
application value to explore a new type of planetary-gear-
type continuously variable transmission system with better
speed governing performance and lower friction loss.

Scholars both in China and abroad currently focus on
the systems with belt-type transmission and V belt mixed
with planetary gear transmission and multiple planetary
gear grouping [2-6] making less research on the Planetary
Bevel Gear continuously variable transmission system.
Besides, owing to the complexity of the working
conditions of the systems, it is found necessary to carry out
the model building and simulation analysis in advance in
order to give correct prediction and guidance. The author,
in the light of dynamics, applies UG and ADAMS to
modelling and simulation analysis so as to obtain a
simulation result based upon relevant dynamics, which
stands very meaningful in the further research of the
subject.
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2 Structure and principle of planetary bevel gear
continuously variable transmission system

Planetary Bevel Gear Continuously variable transmission
System is a bevel gear planetary system in which the
structure improvement is made by replacing the friction
wheel with bevel gear transmission that passes driving
force and the speed governing realization is obtained by
changing the contact radius between the speed ring and

speed cone. Its structure is shown in Figure 1.
b : Ll
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FIGURE 1 Structural diagram of Planetary Bevel Gear step-less speed
transmission system

The speed ring keeps static and no turning at work but
when the transmission is needed, the speed changing
device will allow it to move horizontally along the conical
surface of the speed cone. From the output axis different
rotating speed and torque can be obtained by changing the
contact position between the speed ring and the conical
surface as well as the corresponding working radius. This
paper aims at the exploration and study on the motion
properties by applying virtual prototype technology to
obtain the curve of the dynamics characteristics and make
a good study of the step-less speed change performance of
the system.
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3 Virtual prototype model establishment of main
transmission

3.1 GEOMETRIC MODELING

In the previous study, the author has obtained the
configuration parameters of the new type planetary step-
less speed transmission system, which are optimized is
shown in Table 1. Where: m—modulus, z, — teeth number

of the bevel gear at input terminal, z, — teeth number of
Planetary Bevel Gear, z, — teeth number of bevel gear at
output terminal, &, — reference cone angle of bevel gear at
input terminal, &, — reference cone angle of Planetary
Bevel Gear, 8, — reference cone angle of bevel gear at
output terminal, value is shown in Table 1.

TABLE 1 Configuration parameters

Parameter Symbol Number of Parameters
Modulus m m=2
Teeth 2,2,,2, 7,=19,2,=21,2,=41
Sub-degreeconeangle  6,,6,,6,  6,=28,5,=30",5,=92"

All the above parameters are used for geometric
modelling against various bevel gears, while doing it, each
reference cone angle has to be adjusted according to the
correct teeth clenching transmission to ensure an equal
length of the reference cone generatrix for all teeth
clenched bevel gears to satisfy that the teeth of three bevel
gears are correctly clenched. In addition, various shared
top clearance gear are to be selected for gear tip cones, gear
root cones, and gear reference cones when the installation
conditions for the bevel gears are taken into account. With
a view of what has been stated above, a full bevel gear
geometry model is obtained .once we put in the bevel gear
geometrical dimensions calculation expression and
involutes curve expression in UG, and through Boolean
calculation from the curve to the curved surface and to a
single tooth. No further description should be repeated
here for other components like planetary frame, speed
cone, speed ring and axis as well as their modelling based
on their assembly relation and dimensions.

Upon the establishment of the model, the initial
assembly can be made as per such conditions as the
coincident constraint of the output terminal, input terminal
bevel gear axes with output terminal, input terminal axis,
planetary frame horizontal axes and speed ring axes; the
coincident constraint of the planetary frame tilt axis with
Planetary Bevel Gear and speed cone axes.

3.2 CONSTRAINT MODELING

Constraint modelling can guarantee the truth and
reliability in the simulation analysis. During the process,
necessary measures are simplified and the reliability of the
result from the simulation analysis can also be ensured [7,
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8]. The geometric models established in UG are introduced
into ADAMS and based upon the transmission principle
and motion relation demonstrated in the Planetary Bevel
Gear step-less speed main transmission system, the
following constraints are added to the system model.

Joint with fixture pair: input terminal bevel gear and
input axis; output terminal bevel gear and output axis;
speed cone and Planetary Bevel Gear.

Joint with rotation pair: input terminal bevel gear and
planetary frame; connected components of speed cone and
Planetary Bevel Gears with the planetary frame; output
terminal bevel gear and the planetary frame; output
terminal axes and earth.

A model based on Contact Force [9] has to be set up to
realize the dynamic simulation for this system to simulate
the real body contact. Therefore the constraints based upon
Contact Force will be added between input terminal bevel
gear and Planetary Bevel Gear; Planetary Bevel Gear and
output terminal bevel gear; speed cone and speed ring.

In this paper Contact Force is added by using IMPACT
function selected from ADAMS function library, which
substantially has been simulated as a nonlinear spring
damper. The contact force is composed of two parts: first
the spring force which is generated from the mutual cut-in
of the two components; the other the damper caused by the
relevant velocity [10]. During the analysis of the Contact
Force, the Contact Force array is used to define its
characteristics. The parameters in the Contact Force array
determines the related parameters in the IMPACT function
and the main parameters include rigidity k, damped
coefficient ¢, the force nonlinear index e, in-going depth
d, static friction coefficient us, dynamic friction coefficient
Ud, static Slip velocity vs, dynamic Slip velocity vq [11] and
the selection of the parameter value is set by the empirical
value is shown in Table 2.

TABLE 2 Empirical value table for contact force parameters

Number of

Parameter Symbol parameters
Rigidity k(N / mm) 10°
Damped coefficient C(N-S™/mm) 50.000
Force nonlinear index d(mm) 0.1
In-going depth e 15
Static friction
coefficient #s 0.08
Dynamic friction
coefficient #a 0.05
Static slip velocity v,(mm/s) 0.1
Dynamic slip velocity v, (mm/s) 1

Given the speed ring is in translational motion, the
motion sub-constraint is added between the speed ring and
the earth.

Rotating motion stimulation (motion 1) is added to the
revolute joint between the input terminal bevel gear and
planetary frame. Translational motion stimulation (motion
2) is added to the flat pair between the speed ring and the
earth.
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Drive add-in: constant rotation speed drive is added to
the system input axis and translation drive is added to the
speed ring. The constant rotation speed in this paper is set
for the system input axis: 1500r/min, shift to 9000°/s.
Given work radius varying rate of the speed cone is 5mm
, the translation speed of the speed ring in the horizontal
direction is converted as: 5/sin58° =5.9mm /s

Avoid in every way handling step signal in ADAMS
resolver. After all, the two drives can be set in the step
function form with the exorbitant curve, thus the system
drives here are defined as the following: the input axis
rotation speed is defined as: sTep(time,0,0,0.05,9000d) ;
the speed ring translation speed is  set:
STEP(time, 0,0,0.05,5.9) . From the above, we get the

virtue prototype simulation model is shown in Figure 2.

FIGURE 2 Virtue prototype simulation model diagram

4 Performance verification of speed modulation in
virtue prototype stimulation model no-load operate

According to the above-set constraint and drive value, we
have to ensure the system input axis rotates at a constant
angle speed and the speed ring makes parallel move at a
constant speed in order to find out the curve patterns in the
output angle speed variation during the simulation of the
moving process in which the system allows the speed ring
to touch initially with the speed cone and then move away.
After setting the measuring and simulating environment,
we may start simulation and allow the after-treatment
module to output the diagrams of the curves is shown in
Figure 3.
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FIGURE 3 under no-load torque input & output rotation speed
4.1 CONSTANT LOAD TORQUE AT WORK

When the input axis reaches the constant speed:
1500r/min, to the output axis we add constant load torque
6000N-mm and with step function definition we add
STEP(time, 0,0,0.05,6000), thus the output angle speed

curve is shown in Figure 4. From the result of the above
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simulation, we perceive the continuous change within a
certain range done by the output rotation speed in the
Planetary Bevel Gear continuously variable transmission
system and also the zero cross speed modulation
enablement, which proves the feasibility of the
continuously variable transmission, however, in the
process of the simulation, the system occasionally shows
the phenomenon that the transmission is done at a fixed
transmission ratio. Through our study and research, we
presume it is caused by the inertia of the Planetary Bevel
Gear, for which an improvement of the system model will
be made by setting Planetary Bevel Gear and speed cone
linkages to a symmetric layout structure is shown in Figure
5.
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FIGURE 4 Under constant load torque input & output rotation

FIGURE 5 Virtue prototype simulation model after modification

4.2 ANALYSIS ON THE MODIFIED MODEL
SIMULATION

By giving the simulation analysis to both no-load running
of the modified model and constant-load torque, we get the
simulation curves is shown in Figures 6 and 7. From the
above simulation curve analysis, we find the system model
can realize a stable continuously variable transmission
upon the improvement, with the transmission rate in the
range of —0.45~0.14.
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FIGURE 6 Under no-load torque input & output rotation speed diagram
of the modified model when the input rotating speed = 9000d/sec
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FIGURE 7 Under constant load torque input & output rotation
speeddiagram of the modified model when the input rotating

5 Simulation analysis on the system output torque

The output torque presents an important indicator to judge
the performance of the continuously variable
transmission, of which the parameter simulation is carried
out by configuring at the system terminal the input power
and constant input rotation speed, meanwhile ensuring a
stable running of the whole system with the condition that
a certain load torque is given to the output axis, thus the
output torque curves are recorded from the output axis.
The simulation analysis in this paper is conducted
according to the situations provided as following.

5.1 SIMULATION ANALYSIS OF THE OUTPUT
TORQUE UNDER THE CONSTANT POWER AND
CONSTANT LOAD TORQUE

Setting input power P =2.2kW , load torque 60N -m,
input  axis  rotation speed n, =1500r/min

n, =1000r / min , n, =750r / min respectively, we give

the simulation analysis to the output torque on the output
axis, and the curves can be obtained is shown in Figures 8-
10.

From the simulation result analysis, we know that,
once the input power and load torque have been rated, the
output axis’ output torque makes a continual change if the
rotation speed of the input axis is changed. The position
and scale of the maximum output torque also change: with
the continual decrease of the input rotation speed, the
maximum output torque continues to increase.
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FIGURE 8 Output torque diagram when input rotation
speed = 1500r/min
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FIGURE 10 Output torque diagram when input rotation
speed = 750r/min

5.2 OUTPUT TORQUE SIMULATION ANALYSIS
UNDER CONSTANT POWER AND CONSTANT
INPUT ROTATE SPEED

A simulation analysis is made on the output torque over
output axis while keeping the input power and input
rotation speed at a fixed rate with variable load torque and
system stable running. We set input power P =2.2kW ,
input rotation speed n, =1500r/min , load torque

respectively 0.5N-m, 5N-m, 50N -m, in each case, the
output torques over the output axes are recorded and
shown in Figures 11-13. From the simulation result
analysis, we know that, once the input power and input
rotation speed are kept unchanged given any change in
load torque, no obvious change is witnessed from the
output torque over the output axis, which shows that the
load torque does not exercise a clear impact on the system
output torque.
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FIGURE 11 Output torque diagram when the load torque = 0.5N-m
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FIGURE 12 Output torque diagram when the load torque = 5N-m
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FIGURE 13 Output torque diagram when the load torque = 50N-m
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6 Conclusions

The output rotation speed under the new type Planetary
Bevel Gear continuously variable transmission is able to
realize a continual change within a certain range, i.e.
continuously variable transmission, and also zero cross
speed modulation. This proves the feasibility of the
system, and its transmission rate is —0.45~ 0.14 . While
the original ring cone transmission system provides a
transmission rate. The system model after its improvement
conducts a stable and continuously variable transmission,
which testifies that there is some influence on the
performance of the whole main transmission system’s
continuously variable transmission imposed by the inertia
of both the Planetary Bevel Gears and speed cone linkages,
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