Comparison of energy consumption and power losses o
controlled CVT with a Servo-Hydraulic Controlled CV

as the Torque Transmitting Element

ABSTRACT

In an effort to improve the Continuously
Variable Transmission and evaluate its
performance with different modifications, a
conventional CVT was redesigned to
incorporate an energy efficient Servo
Hydraulic Control (SHC) system and to
substitute a different torque transmitting
element, a Gear Chain Industry (GCI) chain
for the Van Doorne  Transmissie
(VDT/Bosch) belt. Various loaded and
unloaded tests were performed on the CVT
while using the GCI Chain and VDT Belt in
the Stock and Servo Hydraulic configuration.
An analysis of the various configurations
was made and key features of each element
have been outlined.

INTRODUCTION

The modern automotive industry is gradually
shifting its focus towards producing more
efficient and better performing vehicles.
Conventionally, manual transmissions were
preferred over automatics and CVT's
because of their higher overall efficiency [1].
The introduction of the VDT Belt and the
GCI chain has increased the transmission
efficiency of the CVT as compared to the
rubber belt and pulley that were used
previously. With proper control and by
adopting newer and better design
philosophy it is possible to further enhance
the efficiency of the CVT to make it more

04CVT-55

f a conventionally
T and with a belt and chain

Siddharth Shastri, Andrew A Frank
Hybrid Electric Vehicle Centre
University of California, Davis

California 95616, USA

efficient [2] than an automatic and bring it
closer to the operating realm of the manual
transmission. This paper deals with the
development of this technology and by
means of testing brings out key features in
the enhancement of CVT efficiency.

CONVENTIONAL CVT CONTROL

The control system in a CVT is used to
provide the clamping pressure and shifting
requirements for the internal elements.
Conventional CVT's make use of an engine
driven high pressure pump that provides
high pressure fluid to the pulleys for
clamping and shifting Figure 1, 2, 3 [3].
Ratio shifting is effected by regulating a shift
control valve that opens and closes
depending on the direction of shifting
desired. Clamping pressure depends on the
torque that needs to be transmitted and is
somewhat independent of the speed of the
engine. The pressure and flow that is
provided to the fluid circuit is dependent on
the speed and torque of the engine. Thus,
the pressure provided by the mechanical
pump does not always match the pressure
that is required to transmit the driver
demanded torque. Sometimes the required
pressure may be lower and in some cases it
may be higher. The pump is always over
designed to ensure sufficient pressure under
all conditions and the high pressure fluid is
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Figure 1: Conventional Hydraulic Pressure Setup



mechanically bled off to obtain the required
clamping pressures. Bleeding off high
pressure fluid is a very energy dissipative
process and in the setup described above,
controllability is achieved at the cost of
efficiency. Losses not only occur because of
the high pressure bleed off but like any
mechanical system the frictional losses
increase as the speed of the engine and the
pump increase.

Figure 1: Stock CVT Control while shifting low

Figure 2 : Stock CVT Control while shifting high
SERVO HYDRAULIC CONTROL

In the conventional CVT the pressure that is
provided to the fluid circuit is dependent on
the speed of the engine. Losses occur due
to high pressure bleed off and mechanical

frictional losses. Also, this system does not
generate enough pressure to enable it to be
used effectively in idle-stop systems which is
now required by the automotive industry.

To overcome these problems a Servo
Hydraulic system conceived by Dr. Frank at
the UC Davis HEV Center was then
implemented into the Nissan CVT. Figure 4,
5.

Figure 3 : Servo Hydraulic Control

This scheme was further modified to
maintain the full functionality of the Stock
CVT in order to make a one to one
comparison, Figure 4. The modified setup
consisted of an additional valve to allow flow
to the torque converter and the forward
clutch.
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Figure 4 : Servo Hydraulic Control in the CVT

The advantage of the Servo Hydraulically
Controlled (SHC) CVT is that it decouples
the fluid circuit form the engine [5]. High
pressure is no longer provided by one large



pump connected to the engine. Instead it is
replaced by two independent pumps that are
driven by servo motors. One pump
(Clamping Pump) provides the clamping
pressure and the other pump (Ratio Pump)
shuttles fluid between the pulleys to change
ratios. Pressure is only provided as
demanded and hence bleed off losses are
minimized. The only bleed off that occurs is
due to the natural leakage that occurs from
the dynamic fluid seals on the pulleys.

COMPARISON OF THE STOCK CVT Vs UC
DAvis SHC - CVT

In order to compare the stock system with
the servo hydraulic system it is necessary to
know the energy that flows into the system
and the energy that flows out of the system.
To facilitate this, the CVT was installed on a
test bench and its input shaft was connected
to an electric motor. To match output speeds
of the CVT with the dynamometer, the idler
gear was used as the output side of the
CVT. A schematic of the setup can be seen
in Figure 5.
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Figure 5 : Setup of the CVT test bench

To test the Servo Hydraulic Control (SHC)
all the stock components of the stock
controller were replaced with small
displacement hydraulic pumps driven by
pulse width modulated servo motors. The
modified servo hydraulic circuit can be seen
in Figure 6. In the process of modification of
the CVT from stock to SHC the entire
functionality of the transmission was
retained.
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Figure 6 : Servo Hydraulic Circuit

The whole setup was connected with
sensors to measure and acquire vital
information like speed and torque at the
input and output shaft, voltage and current
sensors for metering the electrical power
consumed by the motors and electric
circuitry. Unloaded tests were performed to
measure the internal losses of the CVT in
each configuration. Loaded tests were
performed to measure shaft to shaft overall
efficiency of the CVT.

UNLOADED TESTS

These tests were carried out at the following
ratios, clamping pressures and input speeds

Ratio 2.3 15 1 0.7 0.4
Speed (RPM) 1000{ 2000[ 3000] 4000
Pressure (psi) 100[ 200] 3000 400

Table 1 : Testing points

With the test data acquired it is possible to
make an analysis of the different CVT
configurations based on the internal losses
and how the system behaves as a function
of each of the parameters namely speed,
ratio and clamping pressure.

Stock - Torque Vs Speed @ 300psi
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Figure 7 : Stock — Torque Vs Speed at 300psi



Belt SHC - Torque Vs RPM @ 300psi
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Figure 8 : Belt SHC — Torque Vs RPM at 300psi
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Figure 9 : Stock and Belt SHC - Torque Vs RPM at
300psi
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Figure 10 : Stock - Torque Vs Clamping Pressure at
2000 RPM

Belt SHC - Torque Vs Clamping Pressure @ 2000RPM
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Figure 11 : Belt SHC — Torque Vs Clamping
Pressure at 2000 RPM
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Figure 12 : SHC Vs Stock CVT Power consumption
at ratio 2.3

Testing has been
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Figure 13 : SHC Vs Stock CVT Power consumption
at ratio 1.0



Servo Hydraulic Control System Versus Stock CVT (Ra  tio 0.7)

Stock & SHC Belt - Torque Vs Ratio @ 2000 RPM
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Figure 14 : SHC Vs Stock CVT Power consumption
at ratio 0.7
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Figure 15 : Stock CVT — Torque Vs Ratio at 2000
RPM

SHC Belt - Torque Vs Ratio @ 2000 RPM
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Figure 16 : SHC Belt CVT — Torque Vs Ratio at 2000
RPM
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Figure 17 : Stock and SHC Belt CVT — Torque Vs
Ratio at 2000 RPM

Every system has a point where it consumes
the least amount of energy with respect to
each of the variables that it is dependent
upon. As the speed is varied while
maintaining a constant ratio, it is possible to
observe this phenomenon in the Stock and
the SHC CVT, shown in Figure 7, 8, 9. In
both systems the optimal operating region
occurs close to an input shaft speed of
2000rpm — 3000rpm, where the torque
required to overcome the internal losses is
at its minimum.

It is well known that, as the clamping
pressure is increased the internal losses in
the CVT increase proportionally. Increasing
clamping pressure means that the belt
elements are clamped tighter by the pulley
which causes greater frictional losses as the
internal belt elements move with respect to
each other during translation. The
translation forces increase as the clamping
forces increase. From Figure 10 & 11, it can
be observed that in the SHC and Stock CVT
this behavior increases linearly with respect
to clamping pressure.

Power consumption figures clearly indicate
how much lower the Servo Hydraulic Control
system is as compared to the conventional
control employed in the Stock CVT, Figure
12, 13, 14. The power consumed by the
stock CVT is broken down into a mechanical
and electrical portion. The mechanical
portion includes the belt, fluid pump
assembly, bearing contacts, and
input/output shafts. The electrical portion
includes all components and sensors
utilizing 12V. Similarly, the SHC CVT also
includes mechanical and electrical systems
consuming power. The SHC CVT
mechanical system primarily consumes
power due to the VDT belt. Additional
power in the SHC CVT is consumed due to
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bearing contacts, and input/output shafts of
the stock system, and the pumps. The
electrical system is designed to be a 42V
system that includes the motor for ratio,
clamp, and torque converter and valves, and
a 12V system that powers the sensors and
the lube pump.

Both the stock and SHC CVT tested at the
UCD facility contain the same mechanical
friction due to the VDT belt. Therefore,
subtracting the mechanical losses of the
SHC from the stock system reveals the
power consumed by the stock pressure
pump. Figure 18 illustrates the comparison
between the power consumption of the stock
pressure pump with the 42V Servo Hydraulic
system. The Servo Hydraulic System
consuming a fraction of the power
consumed by the Stock controller.

Power Consumption of SHC Vs Stock
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Figure 18 : Power consumption of Stock Vs SHC
CVT

In the stock system, as the speed is
increased the pumping and fluid frictional
losses increase as a square of velocity. This
phenomenon being independent of the ratio
at which the system is operating. While the
stock system exhibits a non linear increase
in its power losses, the SHC system power
consumption is quite linear and is much
lesser as compared to the stock system.
This is primarily because in contrast to the
stock system the Servo Hydraulic pumps
and controllers are decoupled from the CVT
and hence do not derive power from the
input shaft. As a result of this, the power
consumed by the SHC system is only
electrical and increases proportionally with a
change in clamping pressure. Slight
nonlinearity can be observed as the speed is
increased which is mainly attributed to the
centrifugal forces that increase with the
square of speed and the non linear losses
occurring at the bearing and the dynamic
seals in the pulley.

It is possible to analyze the characteristics of
the belt in further detail by plotting the
internal losses against a change in drive
ratio keeping the input speed fixed. The
intention behind this being that at constant
input speeds the friction and fluid losses
remain fixed through the range of operation.
This way it was possible to isolate the
characteristics of the belt and also outline
the difference of the Stock control system
from the SHC system. It can be observed
from Figure. 15 & 16, that the Servo
Hydraulic system uses almost half the
torque and power as compared to the Stock
system. The difference between the Stock
and the SHC curves are a direct indication
of the energy savings that occur by using
the SHC system over the stock version. In
addition to this, the shape of the curves in
Figure 16, 17 & 18 are governed by the
characteristics of the belt.

It is evident from Figure 15, 16 & 17 that the
belt performs well from Ratio 2.3 (maximum
reduction) to Ratio 1.0. After this the belt
becomes very energy intensive and exhibits
large internal losses which seem to rise
almost nonlinearly as ratio decreases. This
behavior can be attributed to the fact that
during operation when the belt wraps around
the pulleys of the CVT, there is an average
radius of contact that exists between the
pulley surface and the belt elements. This
radius is located such that there exists a
relative motion between the Belt element at
that average contact point and the pulley
surface. Points that are away from this
radius are in relative motion with respect to
the pulley surface. As the ratio of the CVT
changes the effective radius also changes
and so does the direction of relative motion
between the pulley and the belt elements.
While operating from ratio 2.3 to ratio 1.0,
the belt elements move along the direction
of motion of the belt and almost aid in the
movement of the belt. As a result very small
losses are observed. When the ratio is
reduced below 1.0 and shifted towards
overdrive, the belt elements start moving
opposite to the direction of belt translation
and in effect start opposing the motion of the
belt. This as a result increases the torque
that is required to spin the belt after ratio 1.0
and can clearly be observed in Figure 17 as
a comparison.

LOADED TESTS

To determine the overall mechanical
efficiency, loaded tests were conducted on



the Stock and SHC CVT at 100 Nm and
200Nm of Input shaft torque. To maintain
consistency in the test procedure both the
systems were operated using the same
clamping schedule shown in Table 2.

Torque input (Nm)
(psi) 10 50 100 150 200
2.326 22 110 220 330 440
- 1.5 15 75 150 224 299
g 1 11 54 107 161 214
0.7 9 46 92 137 183
0.434 8 39 78 117 156

Table 2 : Clamping Schedule

Stock 100Nm Efficiency Vs Speed at different Ratios
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Figure 19 : Stock 100Nm — Efficiency Vs
RPM
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Figure 20 : SHC Belt 100Nm SHC - Efficiency Vs RPM
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Figure 21 : Stock and SHC Belt 200Nm, 2000 RPM —
Efficiency Vs Ratio

The overall efficiency of the SHC system lies
above the stock system, Figure 19, 20 & 21,
in most of the operating region of the CVT.
The stock system has its peak efficiency
close to the lowest operating test speed
whereas the SHC system reaches peak
efficiency close to 3000rpm, Figure 19, 20.
Since the stock system derives its power
from the input shaft of the CVT and pressure
is regulated by bleeding off high pressure,
the bleed off losses increase almost as a
function of the square of the velocity. As
discussed before in the case of the
unloaded tests, the characteristic curve for
the SHC system is governed mainly by the
behavior of the Belt. The point of optimum
efficiency for the loaded tests occurs in the
region of 2000rpm — 3000rpm very similar to
what is observed in the unloaded tests,
Figure 8, 20.

At high loads and high clamping pressures
the effect of belt translation with respect to
the pulley surface is more predominant and
becomes a major cause of power loss. This
is again indicated by the loaded tests that
show a rapid drop in efficiency as the ratio is
moved towards overdrive from ratio 1.0,
Figure 20 & 21.

COMPARISON OF THE CHAIN AND BELT IN THE
SHC CVT

Unloaded Tests: The unloaded tests were
carried out in the same manner as that for
the stock and the SHC comparison. This
way making it is possible to perform a one to
one comparison of all the three system
configurations and outline key features of
each.

Chain SHC - Torque Vs RPM @ 200psi
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Figure 22 : Chain SHC — Torque Vs RPM at 200psi
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Belt - Torque Vs RPM at different Ratios @ 200psi
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Figure 23 : Belt SHC — Torque Vs RPM at 200psi
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Figure 24 : SHC — Chain and Belt — Torque Vs RPM
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Figure 25 : Chain SHC — Input Torque Vs Ratio at 20 00 RPM

BELT- Input Torque Vs Ratio at different Clamping P ressures @ 2000RPM

25 2 15 1 05
Ratio

[=#=100psi 2000RPM —#—200psi 2000RPM____300psi 2000RPM ——400psi 2000RPM |

Figure 26 : Belt SHC — Input Torque Vs Ratio at 200 0 RPM
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Figure 27 : SHC Chain, Belt with Stock — Torque Vs
Ratio

In analyzing the data from the unloaded
tests it can be pointed out that the chain
requires the least amount of input torque to
overcome internal losses close to 2000rpm
as can be seen in Figure 22. Under
unloaded conditions the chain and the belt
exhibit very similar characteristics for
internal losses as a function of speed. On
the other hand maintaining a constant input
speed and analyzing the sensitivity of both
with respect to ratio; it is observed that
unlike the belt, the chain behaves almost
linearly with respect to ratio, Figure 25.

Figure 28 : The GCI Chain

In principle the fundamental design of the
chain is different from the belt. Each link of
the chain consists of two pins that are in
contact with each other. One pin is designed
longer than the other pin, Figure 28; and the
contact side of the surface of the longer pin
is in the shape of an involute. During
operation when the chain is clamped
between the pulley it is the longer pin that is
squeezed between the pulley surfaces and
remains almost fixed to the surface of the
pulley. The smaller pin on the other hand is
free to move about the involute surface of
the longer pin and follows any given radius
on the pulley, allowing the links of the chain
to wrap around the operating radius without
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causing any relative movement between the
chain and the pulley surface. As a result of
this characteristic the chain is able to
transmit torque efficiently through the entire
driving range of ratios without exhibiting high
internal losses.

LOADED TESTS

To enable a thorough analysis of the Chain
coupled with the Servo Hydraulic System,
various loaded tests at 50, 100, 150 and 200
Nm of input torque were performed. To
maintain homogeneity in the testing and
analysis, the clamping schedule
documented previously was employed.

SHC Chain - Efficiency Vs Speed
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Figure 29 : SHC Chain 50Nm — Efficiency Vs RPM
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Figure 30 : SHC Chain 100Nm — Efficiency Vs RPM
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Figure 31 : SHC Chain 150Nm — Efficiency Vs RPM
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Figure 32 : SHC Chain 200Nm — Efficiency Vs RPM
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Figure 33 : SHC Chain, Belt with Stock 100Nm —
Efficiency Vs RPM
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Figure 34 : SHC Chain — Efficiency Vs Load at Ratio 1.5
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SHC - Chain Vs Belt - Efficiency Vs Load @ Ratio 1. 0

0 50 100 150 200

[——10-1000 —=—10-2000 = 10-3000 ==10-4000 —=—1.0-1000- Belt
|==—1.0- 2000 Belt —1.0 - 1000 Stock ——1.0 - 2000 Stock

Figure 35 : SHC Chain Vs Belt — Efficiency Vs Load
at Ratio 1.5

Majority of the loaded test data, Figure 29,
30, 31 & 32, indicate that the SHC Chain
CVT performs at its peak at a ratio close to
1.5 and also close to an input shaft speed of
3000rpm. At any given speed and ratio, the
SHC CVT with Chain performs better than
the SHC CVT with Belt as well as the stock
CVT, Figure 33, 34 & 35.

Another peculiar behavior of the Chain is
that the efficiency curve on each ratio as
speed is varied is a function of the load that
is applied. As the load is changed the
efficiency curve changes shape and does
not remain consistent. This is unlike the
Stock and the SHC Belt configuration. It is
not clearly evident as to what phenomenon
is responsible for this kind of behavior but it
may be safe to attribute this to mechanical
resonance. As input load is changed, the
mode of resonance of the chain between the
two pulleys changes. When the free chain
length is close to a resonant node length
and at a corresponding speed a rise in
efficiency is observed. At other speeds and
loads excess vibrational energy from the
chain may be absorbed thus causing a
reduction in output torque or in other words
a corresponding drop in efficiency. This
phenomenon being limited to about 2% of
the load.

CONCLUSION

The Stock Nissan CVT was tested at the UC
Davis HEV Center and achieved a peak
overall efficiency of 89.46%. In the scope for
further improving this CVT, a Servo
Hydraulic Control scheme was implemented
and tested. In succession to this the VDT
Belt was replaced with the GCI Chain.
Further testing and analysis revealed the
results that follow.

The SHC system consumed less than half
the power of the Stock CVT controller, thus
being more than 50% more efficient. This is
due to the different operating principal of the
SHC. The SHC is a “demand” hydraulic
system where as the conventional hydraulic
controls is a “supply” system.

The VDT Belt has its optimum performance
at Ratio 1.0 and between 2000 — 3000 RPM
of input shaft speed but becomes very
energy intensive below Ratio 1.0. The GCI
Chain, on the other hand, performs best at
ratio 1.5 and 3000 RPM of input shaft speed
and behaves almost linear with respect ratio
change. The GCI chain exhibits about %2 the
losses of the VDT belt at around 1:1 and
even less at lower overdrive ratios.

The SHC CVT with the GCI Chain at peak
loads has an efficiency of 94.97%. It is 3%
more efficient than the SHC CVT with the
VDT Belt and 5.56% more efficient than the
original Stock CVT.

This means that the GCI Chain under peak
loads is close to 40% more efficient than the
VDT Belt with 60% lesser internal losses. In
addition, the Chain performs better than the
belt below Ratio 1.0 and it is predicted that
this increase in efficiency will be greater at
peak loads and overdrive ratios.

The SHC system uses pressure transducers
to measure pressures and to provide proper
control. This system does not require
calibration and does not have a valve plate
since there are not valves required. It does
require a microprocessor for control
functions, however. Such controllers are
already in place in the automotive
environment.

The final conclusion is that the two direct
substitute technologies investigated here
added to an already excellent transmission
system can make the completely automatic
CVT comparable to the manual transmission
in efficiency but at a much lower part count
and lower cost. This ultimately translates
into higher vehicle fuel efficiency, reliability
and lower cost.
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