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An experimental study on the shifting dynamics of
the chain CVT

[ Ahmet YILDIZ, Francesco BOTTIGLIONE, Giuseppe CARBONE]

Abstract—This paper is concerned with an experimental
analysis of the shifting dynamic behavior of a chain
continuously variable transmission (CVT) system. Firstly, the
steady-state experiments are carried out for different speed
ratio. After that, the transient responses of the CVT, the main
interest of this paper, are analyzed in different conditions. The
tests are performed for different step changes of the ratio of the
drive and driven clamping forces and for different angular
velocities of drive side. The results demonstrate that the speed
ratio reaches high value for high steps; however this relation is
nonlinear. Moreover, it is realized that the characteristic
shifting response time of speed ratio decreases as the angular
velocity of drive pulley increases until a limiting value is
reached.

CVT systems have been used increasingly in the
automotive industry, since they enable engines to run at
optimal speeds, thus providing considerable fuel savings and
therefore lower emission values [1,2] or optimized energy
consumption in electric vehicles [3], also improving the
drive comfort. CVT transmission can be successfully
employed in hybrid vehicles as well [4,5]. Moreover, CVT
variators are gaining an important interest for large power
applications, like [6-10], trucks [11], variable speed
machinery for manufactory [12,13]. Authors in [13] propose
a new mechanical press concept that equipped with a CVT
to obtain more speed variability than the classical ones.
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Continuously variable transmission (CVT) systems have =@§/ ) CvT \f“"/,-'
been widely used in many different areas as an alternative to ' X R
conventional speed changers. This is due to the fact that \ N\ bl wes
there are some advantages such as smoothness of operations, Differential Contimwously Variable - 2
infinite range of speed ratio, easy drivability and quiet e Transinission

working.

Figure 1. Audi Chain Continuously Variable Transmission
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Figure 2. Shematic of battery electric vehicles layout with CVT [3]

There are different types of CVT systems: Toroidal [14-
15], belt/chain [16,17] as shown in Figure 1, ball [18] and
spherical [19]. In this paper, we focus on Gear Chain
Industrial (GCI) chain CVT, which has become more
common because of its low manufacturing costs and the
possibility to be applied for extremely high torque
applications.

The control and efficiency are key issues for
transmission; therefore a great deal of research has been
dedicated to investigate the mechanical behavior of the
system. Although there are a lot of researches on CVT
system in steady-state conditions, little experimental
research has been dedicated on the transient behavior of the
variator.

Carbone et al. in [20] developed a theoretical model of
belt CVT during rapid ratio speed changes for analyzing the
dynamical response of the system during the transient
condition. The proposed model can be used to obtain some
relations between the axial thrust, torque and tensions on
tight and slack side of the belt.

In the next study of Carbone et al. in [21], it is
demonstrated that the pulley bending has an important effect
on the transient response of the variator. The authors
developed a detailed theoretical model which is able to
describe the slow shifting maneuvers called “‘creep mode”’
behavior and the fast shifting maneuvers called ‘slip-
mode”’ behavior of the variator. It was also shown how the
CVT shifting behavior moves toward the limiting case of the
rigid pulleys as the rate of change of speed ratio increases.
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In [22], the shifting behavior of variator has been
examined at steady state and also in transient conditions but
under no load conditions. The experimental investigation
was carried out by using the V-belt CVT in order to
compare the theoretical predictions of the theoretical model
developed in [21].

In this paper the characterization of the transient
response of the chain CVT is carried out experimentally.
The transient responses of the CVT are examined for

to an output shaft through a synchronous belt transmission.
The test rig is equipped with pressure, torque and
displacement sensors for the acquisition of main operative
parameters.

A Labview program is developed to control the test
bench and save the all data such as speed ratio, drive and
driven pressure, torque and angular velocity of driven side,
as shown in Figure 4.

different step change of the clamping forces ratio and for
different angular speed of motor. Thus, the effects of these . . -
parameters on the transient response are determined. [ OAQ erabind ] Sove dite | ettt I o —
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Figure 3. CVT test bench (a) general view, (b) hydraulic pumps and tank,
(c) the control units of motor and brake

Figure 4. Developed Labview program for controlling the test bench and
recording the data’s

m. Experimental Setup

In order to describe the transient response of variator, a
step change of the ratio of clamping forces drive and driven
sides ( Spr/Spy ) is given starting from steady state

conditions. Thus, a step of the oil pressure in drive side
(P, ) is given by controlling the voltage of servo valves.

The clamping force of drive side is calculated as
SDR = DRAbR +a)I23R fc,DR (1)
where @y, is the angular velocity of drive side. The
coefficient f_ . is

fc,DR = ”(pj_il )(rgm - r;RZ) 2

where p,, =870 kg/m® at 20°C and r.,, =0.0825 m and
Ihr, = 0.0225m. The driven clamping force is calculated as

Son = Pon Aow +wI§N fc,DN +F, 3)

spring
pring

where @, is the angular velocity of driven side and F,
is the spring force on driven pulley. The coefficient f_, is;

The chain CVT used for experiments is characterized by fo— Py op2 g2 gt 4
the following data: belt length L = 649.49 mm, belt width oON ( 4 Y @onafons = fon = ons) )

b=24 mm, center-to-center distance of the pulleys i = 155
mm, undeformed sheave angle S, = 11 deg. The primary
pulley area is Apg = 0.01979 m? while the secondary pulley
area is Apy = 0.009719 m”.

As shown in Figure 3, the power motor of variator is a
three-phase asynchronous 4 poles and 30 kW of power
Siemens motor whose angular speed is controlled by the
Berges inverter. The resistant torque is obtained by an
electromagnetic brake located on a countershaft connected

29

where the quantities r,,, =0.0600 m, r,,, =0.0225m and
Ions =0.0321m.
The spring force can be calculated as

Fspring = fspring,low + zcspring (rDN,Iow —Ion ) tan(ﬂo)
where f =536 N,
=20 N/m, the pitch radius of driven pulley at
=0.0741m.

()
the stiffness of the spring

spring,low
Cspring

minimum speed ratio r,

N, low
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In the experimental tests the speed ratio of variator z is
determined by measuring the pitch radii. By means of a
linear encoder it is possible to determine the axial position a
of the moveable pulley sheave shown in Figure 5. The pitch
radius Rpr of the drive pulley is used to evaluate the
geometric speed ratio thanks to following equation:

2p1_—TaI‘CSin(p1_—T) +2 ,1—(,01_—T)2 (6)
T T T

where the quantity p =Ry, /i.

L:ﬁpl+—r+
T

Figure 5. Representation of the measurement of the pitch radius of drive
pulley by a linear encoder

The following equation is used to calculate the Ry

a
Roy =R -—
DN DN, max Ztan ﬂo (7)
where the R . =0.0741 m.
The traction coefficient of driven side 1, is
COSﬂO TDN
= 8
ﬂDN 2 RDNSDN ( )

where T, and R, are the torque load and the pith radii of
the pulley in driven side.

iv. Experimental Results

In this section, the experimental results are presented in
both the case of steady-state and the transient conditions.
However, the main intent of this study is the shifting
dynamics of the variator since these analyses are very
important to control the speed ratio

a. Steady State Experiments

In steady state experiments, the initial condition of the
transient analyses is determined. In other words, the
clamping forces ratios for a certain torque load and speed
ratio is investigated.

Figure 6 shows that the ratio of clamping forces
increases as the traction coefficient increases almost
linearly. Similarly, it shows that the higher speed ratio the
higher the clamping forces ratio. In this case, the input
angular velocity, the clamping forces of driven side and the
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torque load on the driven shaft are fixed as 500 RPM, 20 kN
and 20 Nm respectively.
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Figure 6. The ratio of clamping forces as a function of traction coefficient
for different speed ratio at wpy=500 RPM, Spn=20 kN and Tpny=20 Nm.

b. Transient Experiments

In order to investigate the time response, a step of the
ratio of clamping forces at steady state is given in drive side
pressure. Figure 7 demonstrates that the transient response
of the chain variator for the different step of the ratio of the
clamping forces at steady state condition. In this case, the
input angular velocity, the clamping forces of driven side
and the torque load on the driven shaft are fixed for the
initial condition as 500 RPM, 20 kN and 20 Nm
respectively. After that, a step of ratio of clamping forces
(Spr/Spn) is given. This strategy is followed for three
different steps.

It is realized that the speed ratio increases up to new
steady state conditions like a first order dynamic system. It
can be easily seen from the figure that this increase has a
nonlinear relation with the step value.
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Figure 7. The transient response of the chain CVT for the different step of
the ratio of clamping forces (Spr/Spn) at steady state conditions with
CODN=500 RPM, SDN:ZO kN and TDN:ZO Nm
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response time is no longer affected by the angular velocity

18 of the pulleys.
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Figure 8. The transient response of the chain CVT for the different
angular velocity of drive pulley with the same step 0.01 at Spy=20 kN and
TDN:20 Nm.

The Figure 8 indicates the time response of speed ratio
of the CVT for the different angular velocity of the drive
pulley. In these experiments the clamping forces of driven
side and the torque load on the driven shaft are fixed for the
initial condition as 20 KN and 20 Nm respectively. It is
given a same step 0.1 of the ratio of ratio of claping forces
(SDR/SDN). This strategy is followed for three different
angular velocity of driven pulley.

It is analyzed that increasing the angular velocity of
drive pulley decreases the response time of CVT and the
new stationary value of the speed ratio also decreases.
However, this happens up to wpr =500 RPM, and after this
value increasing the angular velocity of drive pulley does
not affect the transient response of the system in terms of
both response time and the value of speed ratio. The reason
is the lubrication phenomena: increasing the angular
velocity increases the lubricant film thickness and thus
reducing the friction coefficient. Therefore one can expect
that when the angular velocity is increased beyond a certain
value, then film thickness proportionally increases and the
the friction coefficient proportionally decreases. Since the
time response depends also on the friction coefficient the
two phenomena (higher velocity and smaller friction)
balance each other so no effect on the response is observed.

v. Conclusion

In this study the transient response of the chain CVT is
investigated experimentally. In the steady-state conditions
the ratio of clamping forces as a function of the traction
coefficient is determined. After that the time response of the
speed ratio is analyzed for the different steps of the ratio of
clamping forces and for the different values of angular
velocity of drive pulley. Results show that the ratio of
clamping forces increases when either the speed ratio or the
traction coefficient increases. It is also realized that the
speed ratio reaches higher steady-state values for higher
steps. Moreover, the response time of the speed ratio
decreases as the angular velocity of drive pulley increases.
However, beyond a certain value of the angular velocity the
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