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CVT Ratio Control for Improvement of Fuel Economy
by Considering Powertrain Response Lag
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A high level CVT ratio control algorithm is proposed to improve the engine performance by

considering the powertrain response lag. In this algorithm, the desired CVT speed ratio is
modified from the vehicle velocity, which is estimated after the time delay due to the powertrain
response lag. In addition, the acceleration map is constructed to estimate the vehicle acceleration
from the throttle pedal position and the CVT ratio. Using the CVT ratio control algorithm and
the acceleration map, vehicle performance simulations are performed to evaluate the engine
performance and fuel economy. It is found that the fuel economy can be improved about 3.6%
for FUDS by the ratio control algorithm for the target vehicle. In selecting the appropriate time
delay, compromise between the fuel economy and the acceleration performance is required.
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1. Introduction

Global concerns on energy limitation and CO.
gas reduction enforce the automotive engineers
to produce more energy-efficient and environ-
mentally friendly vehicles. It is reported that the
50% improvement of fuel efficiency contributes
to 33% reduction of CO. gas. Therefore, in con-
ventional passenger cars, improvement of the fuel
efficiency can be considered to be of vital impor-
tance to meet the requirement for the emission
reduction as well as the fuel economy.

In the powertrain level, the fuel economy of the
passenger cars can be improved in various ways.
One possibility is to improve the propulsion sys-
tem, i.e., the powertrain. Increasing the efficiency
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of the different powertrain components, such as
the engine and the transmission, is one way to do
so. Another approach is to operate the powertrain
as a whole in a more fuel-optimal way. Especially
the operating point in which the engine delivers
the required energy is an integral element to the
fuel consumption. It is well known that metal belt
continuously variable transmission (CVT) is able
to achieve more efficient operating levels with
respect to drive performance and fuel consump-
tion than conventional multi-ratio gearbox trans-
mission.

In the CVT speed ratio control, the desired
CVT ratio is determined from the engine optimal
operation point and the present vehicle velocity.
For an ideal driving situation, this desired speed
ratio is able to move the engine operation point
on the optimal operation line for the minimum
fuel consumption. However, in reality, there exists
a powertrain response lag from the driver’s ac-
celerator pedal input to the wheel torque. This
powertrain response lag causes a deviation from
the optimal engine operation point. Figure 1
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Fig. 1 Effect of response lag on engine performance

shows the effect of powertrain response lag on
the engine operation. Without the response lag,
the engine moves at almost constant speed for a
given throttle angle as the vehicle speed increases.
However, if there exists a powertrain response
lag, the desired speed ratio is calculated from the
vehicle speed which lags by the amount of the
powertrain response lag. This results in the larger
speed ratio than expected. This larger speed ratio
causes the increased engine speed at the same
vehicle velocity. Therefore, the engine moves fol-
lowing the path A-C-B, which shows a deviation
from the ideal path A-B for the given throttle
valve opening. This deviation causes the extra fuel
consumption.

To overcome these response lags, several res-
earches have been carried out such as adopting
the additional flywheel (Vroemen et al., 2000 ;
Serrarens et al., 2000) and the engine-CVT con-
solidated control (Yasuoka et al., 1999 ; Kim et
al., 2000 ; Osamura et al., 2001). But these at-
tempts require additional hardware such as a
flywheel, electronic throttle control device, which
require extra cost.

In this paper, the CVT speed ratio control algo-
rithm to improve the engine performance is pro-
posed by considering the powertrain response
lag. In this algorithm, the desired speed ratio is
calculated from the vehicle velocity, which is after
the time delay At by considering the powertrain
response lag. Using the algorithm, vehicle per-
formance simulations are carried out to evaluate
the engine performance and fuel economy.

2. Powertrain Response Lag

In the CVT powertrain, the response lag con-
sists of the engine torque response lag, CVT res-
ponse lag, drive torque response lag, etc. Gener-
ally, the characteristics of the engine torque re-
sponse can be classified into a steady state and
dynamic response. In a dynamic response, there
exists a response lag, which results from the en-
gine mechanism. Thus, to evaluate the perform-
ance and fuel economy for the CVT equipped
vehicle, this response lag must be considered.

The internal combustion engine considered in
this study is a four cylinder, 1.6 Liter, DOHC
type. For the four cylinder internal combustion
engine, an instantaneously demanded engine tor-
que T, is realized within about two crank shaft
revolutions. So, after two revolutions the com-
bustion of the new air/fuel mixture in each cy-
linder has contributed to the newly induced tor-
que level. For engine speeds between 1000 and
5500 rpm, this makes a response lag, which is
about 120 msec at 1000 rpm and 22 msec at 5500
rpm, {Vroemen et al., 2001) . Considering this res-
ponse lag, the engine torque response is modeled
as
e—Tdenslna?

Te= 1+ z.s

Tes (l)

where Taengme is the response lag time of the
engine torque as a function of the engine speed, z
is the time constant.

For the air throttle angle, there exists a re-
sponse lag about 140 msec, which is caused by the
response characteristics of the physical limitation,
etc (Vroemen et al., 2001). Thus, the air throttle
angle response can be modeled as
e—Td #troteeS

W ch d (2)

b=

where Ty tnrostse is the response lag time of the air
throttle, & is the desired throttle angle and 7z
is the time constant.

In the metal belt CVT system used in this study,
when the upshift begins with the lowest speed
ratio, the oil is supplied from the line pressure
control valve to the primary actuator. Since the
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Fig. 2 Powertrain response lag of bench tester

primary actuator is empty at the lowest gear
ratio, there exists a filling time to fill up the empty
volume of the primary actuator. Experiments
show that the filling time is at about 200 milli-
seconds depending on the line pressure. Besides,
the response characteristics of the electronic con-
trol system, the solenoid valve dynamics, pulley
and belt elasticity cause a response lag about 110
milliseconds (Vroemen, 2001). Figure 2 shows
the experimental result of the driving torque by
the CVT bench tester, which consists of 1.6 /
DOHC engine, CVT and flywheel. The driving
torque was measured at the CVT output shaft for
a stepwise engine TVO input from 5% to 15%.
From the experimental results, it is found that
the response lag of the drive torque is 450 msec.
The response lag was measured from the TVO
input (point A) to the point B where the driving
torque begins to increase, which is due to the
response of the engine torque, the air throttle,
CVT, etc. By considering the additional response
lag from the driving shaft to the wheel, the po-
wertrain response lag may exceed 500 msec.

3. 7 Algorithm

The CVT speed ratio control consists of the
high level and the low level control. In conven-
tional electronic controlled CVT vehicle, the high
level control determines the desired CVT speed
ratio, Zgesired aS

We optimal
NfCUv (3)

where Ny is the final reduction gear ratio and

Ldesired —

Wy is the present vehicle velocity. weoptima: is
the optimal engine operation point, which is de-
termined as the point where the throttle valve
opening (TVO) curve crosses with the OOL.
Once the desired speed ratio is determined, the
low level controller realizes the actual speed ratio,
7, to follow the reference input, Zaesirea. The actual
speed ratio 7 is defined as

i v (4

i: =
Ws NfCl)v

where wp and ws are the primary and the secon-
dary pulley speed, respectively.

If the response lag in the powertrain does not
exist, the optimal engine operation point can be
achieved by the desired speed ratio from Eq. (3)
even if some deviation exists due to the CVT
dynamics. However, in reality, the powertrain res-
ponse lag exists, which causes an extra deviation
in realizing @eoptma:. Therefore, if the vehicle
velocity after the time delay 7 is used in the cal-
culation of the desired speed ratio, an improved
engine performance is expected.

The next step is how to determine the vehicle
velocity after the time delay. Assuming that the
vehicle acceleration @ is constant for a short
period, the velocity w3 after the powertrain res-
ponse lag 7, can be estimated as

ws=wytar (5)

Substituting @} into Eq. (3), the desired speed
ratio by considering the powertrain response lag
T is modified as

. We optimal
Ldesired T ( 6)
N, v

where Zdesires is the modified desired CVT speed
ratio. In order to implement the above equation,
a needs to be determined. The easiest way is to
measure @ by the acceleration sensor. In this
study, another way to estimate ¢ is proposed by
assuming that ¢ is proportional to the TVO. The
procedure for obtaining ¢ is shown in Fig. 3. As
for the given TVO, the engine torque is calculated
with respect to the engine speed from the engine
map. Next step is to perform a launching sim-
ulation with a fixed CVT ratio 7, which gives an
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Fig. 4 a map

acceleration profile with respect to the time. From
the acceleration profile, the maximum accelerati-
on is selected as ¢ for the given TVO and ¢. This
procedure is repeated by changing the speed ratio
and the TVO, and we can obtain a 3-D accelera-
tion-TVO-speed ratio map, which shall be called
“a map”. in Fig. 4, the @ map for the vehicle used
in this study is shown and the vehicle parameter
is shown on Table I. From the ¢ map and Eq.

Table 1 Vehicle parameters

Engine Type DOHC
Engine Stroke Volume 1600 cc
Engine Maximum Torque 143 Nm
CVT Gear Ratio i=0.49~2.48
. . Wet Type Multi-Disc
Starting D
arting Device Clutch
Vehicle Mass 1206 kg
Final Reduc.tlon Gear 5.763
Ratio
Wheel Radius 028l m

(6), wy can be estimated. The high level speed
ratio control algorithm considering the power-
train response lag shall be called, *r algorithm”.

As shown in Eq. (6), the modified desired
speed ratio idesirea Will be varied faster to the high
speed ratio (the highest speed ratio=0.49) than
the desired speed ratio of Eq. (3), which causes
a fast upshift. In the case when a fast accelera-
tion is required such as a kickdown maneuver,
the speed ratio is sufficiently downshifted and
upshifted to obtain the fast acceleration. But,
since the speed ratio control by the 7 algorithm
performs a fast upshift, the downshift does not
be carried out sufficiently, which causes a worse
driveability.

To evaluate the driveability, a simulation for
a kickdown from 20% throttle opening to WOT
is performed and the simulation results are shown
in Fig. 5. As shown on the simulation results,
since the speed ratio is modified by the 7 algo-
rithm in the acceleration, the speed ratio varies
faster than that of the conventional control, which
results in the worse driveability than that of con-
ventional control. To guarantee the driveability in
the acceleration as in a kickdown, the following
conditions are added and

0%/sec<

d"’t‘” <25%/sec and 0%< B, <60%(7)

d

th

where ddet

is the response speed of TVO. In the
case when the condition (7) is met, the r algo-
rithm is applied. Otherwise, the ralgorithm is not
applied and the desired speed ratio is computed
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Fig. 5 Comparison of simulation results for a kick-
down maneuver

by (3), which is the same as in the conventional
speed ratio control.

4. Simulation
Results and Discussion

To evaluate the r algorithm, simulations are
performed for federal urban driving schedule
(FUDS). Simulation results using the 7 algo-
rithm are shown on the Fig. 6, which shows the
response of the first 400 seconds for FUDS. In
the simulation, the delay time 7=>500 msec is used
to estimate the vehicle velocity. Fig. 6(a) shows
the vehicle velocity and (b) shows the response
of the CVT speed ratio. The desired speed ratio
74 is modified by the r algorithm when the con-
dition (7) is met.

In Fig. 7, closer view of the CVT speed ratio
and the engine operational point are compared
with those of the conventional electronic control
CVT for 20~ 30 seconds of FUDS. As shown on
Fig. 7(a), the desired speed ratio i with r algo-
rithm (I) is changed faster than that of the con-
ventional electronic control (II). The engine is
operated on the area where the torque is higher
and the speed is lower than those by the conven-
tional CVT (Fig 7(b)).

The engine operation trajectories for the full
FUDS are compared in Fig. 8. Fig. 8(I) is by
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6000

tion point for conventional electronic control
(I) and for r algorithm (II)

the conventional electronic control and (I1) is by
the 7 algorithm with =500 msec. As shown on
Fig. 8, the engine operation of (II) is carried out
more closely on the OOL than those of (I), which
is shifted to higher torque and lower speed.
Figure 9 shows the comparison of the fuel
economy for the r algorithm with =500 msec
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and the conventional electronic control CVT.
From the simulation results, the fuel economy by
the 7 algorithm is better than that of the conven-
tional speed ratio control, which results from
the lower engine power consumption due to the
higher torque and lower speed of engine opera-
tion compared with the conventional speed ratio
control for the given TVO and the vehicle veloci-
ty.

Fuel economies for various r are compared in
Fig. 10. As shown on Fig. 10, it seems that the
fuel economy is improved as r increases. How-
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ever, too large 7 may cause a sluggish acceleration
performance. Therefore, in choosing 7, compro-
mise between the fuel economy and the accelerat-
ion performance is required.

5. Conclusion

A high level CVT ratio control algorithm is
proposed to improve the éngine performance by
considering the powertrain response lag. In this
algorithm, the desired CVT speed ratio is mo-
dified from the vehicle velocity, which is esti-
mated after the time delay 7 due to the powertrain
response lag. In addition, the acceleration map is
constructed to estimate the vehicle acceleration
from the throttle pedal position and the CVT
ratio. Using the CVT ratio contro!l algorithm and
the acceleration map, vehicle performance simu-
lations are performed to evaluate the engine per-
formance and fuel economy. It is found that the
fuel economy can be improved about 3.6% for
FUDS by the ratio control algorithm for the
target vehicle. In selecting the appropriate time
delay, compromise between the fuel economy and
the acceleration performance is required.
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